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INTRODUCTION 


The  rapid  corrosion  of  heat  exchangers  in  air  conditioning  and 
refrigeration  equipment,  especially  in  tropical  marine  areas,  is  a  major 
maintenance  and  energy  use  problem.  In  a  brief  survey  conducted  by  the 
Civil  Engineering  Laboratory  (CEL)  (Ref  1),  it  was  learned  that  at  Subic 
Bay  90%  to  95%  of  all  air  conditioning  and  refrigeration  units  have 
liquid-to-air  heat  exchangers;  at  Guam  and  Diego  Garcia,  nearly  100%  of 
these  units  are  used  because  of  a  water  scarcity.  Corrosion  at  Subic 
Bay  is  not  severe  because  the  prevailing  wind  is  over  land  and  because 
rainfall  is  high.  Corrosion  is  severe  at  Guam  and  extremely  severe  at 
Diego  Garcia.  For  example,  uncoated  copper  tube/aluminum  fin  heat 
exchangers  last  less  than  1  year  at  some  Diego  Garcia  locations.  In 
contrast,  aluminum  fin  condenser  coils  located  within  1  mile  of  the 
ocean  at  San  Diego  have  a  life  expectancy  of  5  years  and  a  minimum  life 
of  from  2  to  3  years.  Heat  exchangers  are  periodically  washed  at  Subic 
Bay,  and  this  practice  has  started  at  San  Diego,  but  is  not  done  at  Guam 
or  at  Diego  Garcia.  The  reasons  for  not  doing  this  at  the  latter  two 
locations  may  be  high  labor  costs  or  a  general  lack  of  maintenance 
procedures,  as  well  as  a  scarcity  of  water. 

Protective  coatings,  which  are  applied  to  metal  surfaces  exposed  to 
aggressive  environments,  have  not  been  widely  used  on  heat  exchangers 
because  of  a  consequent  initial  decrease  in  heat  transfer.  However,  Lee 
(Ref  2)  reported  that  the  application  of  a  thin  protective  coating  on 
gas-to-gas,  liquid-to-gas ,  and  liquid-to-liquid  heat  exchangers  has  only 
a  small  effect  on  heat  transfer.  Furthermore,  in  a  28-day  field  trial 
on  steel  pipe,  liquid-to-liquid  heat  exchangers,  Lee  found  that  the  heat 
transfer  coefficients  of  the  coated  heat  exchangers  remained  constant. 

The  coefficients  of  the  uncoated  exchangers  decreased  to  values  below 
those  of  the  coated  units  within  the  trial  period.  Oldberg  (Ref  3) 
concluded  from  his  study  of  compact  military  heat  exchangers  that  the 
standard  brazed  aluminum  construction  must  have  an  organic  or  equally 
resistive  coating  for  protection  against  high  salt  atmospheres  which 
exist  in  many  areas  of  the  world. 

In  a  second  phase  of  his  work,  Oldberg  (Ref  4)  reported  that  an 
all-aluminum  exchanger  (Type  3003  tube  and  Type  7072  fins)  showed  less 
corrosive  attack  than  did  the  copper  tube/aluminum  fin  units;  and  phenolic 
coatings  of  approximately  0.001  inch  (1.0  mil,  0.0025  cm)  thickness 
considerably  improved  the  corrosion  resistance  of  the  all-aluminum  unit, 
which  looked  good  after  31  months  of  exposure  in  the  Canal  Zone. 

At  Patrick  Air  Force  Base  (Ref  5),  where  the  air  contains  hydrogen 
sulfide  and  salt  spray,  the  service  life  of  uncoated  all-copper  heat 
exchangers  is  6  to  7  years;  when  these  units  are  coated  with  3  mils  of  a 
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proprietary  phenolic  coating,  the  service  life  is  over  8  years  and  the 
cost  increase  is  one-third.  Some  doubt  exists  concerning  the  integrity 
of  the  bond  when  this  material  is  applied  to  copper  tube/aluminum  fin 
units.  Patrick  AFB  also  tried  sticky  oil  as  a  corrosion  preventive,  but 
this  material  collects  dirt. 

The  Long  Beach  Naval  Shipyard  (Ref  6)  reported  that  aluminum  tube/ 
aluminum  fin  condenser  coils  on  window  air  conditioners  in  a  marine 
environment  lasted  3-4  years.  Application  of  a  chromium-chromate  con¬ 
version  coating  by  the  Iridite  process  increased  the  life  to  7  or  8 
years.  Copper  tube/copper  fin  units  performed  very  well  but  were  much 
more  expensive  than  the  all  aluminum  units. 

For  its  study,  CEL  also  decided  to  investigate  nonferrous,  finned 
tube,  liquid-to-gas  heat  exchangers  of  the  type  fourd  on  air  conditioning 
or  refrigeration  equipment  which  use  air  condensers. 

The  approach  was  to  record  the  temperature  drop  across  each  heat 
exchanger  because  this  would  indicate  heat  loss  and,  therefore,  cooling 
efficiency.  This  drop  would  be  recorded  as  a  function  of  time  over  a 
long  enough  period  to  attain  severe  deterioration  of  uncoated  exchangers. 
The  long-term  effects  of  the  coatings  selected  could  then  be  determined 
based  on  their  thermal  behavior,  and  compared  with  the  results  for  both 
coated  and  uncoated  exchangers.  Information  could  also  be  obtained  on 
relative  service  lives  of  the  different  types  of  heat  exchangers. 


EXPERIMENT  DESIGN 
Heat  Exchangers 

The  twelve  heat  exchangers  were  purchased  from  The  Vulcan  Radiator 
Company,  Hartford,  Conn.  All  of  the  heat  exchangers  had  the  following 
characteristics : 

1.  Tube  -  1  in.  (2.54  cm)  ID  nominal  and  1-1/8  in.  (2.86  cm) 

OD  with  a  wall  thickness  of  0.025  in.  (0.064  cm)  and 

a  length  of  6  ft  (1.83  m) 

2.  Fins  -  hard-tempered  plate  type  embedded  in  the  tube, 
which  is  mechanically  expanded  to  the  diameter  of  the 
hole  in  the  fins;  nominal  3-1/4  in.  (8.26  cm)  square; 

0.020  in.  (0.051  cm)  thick;  and  spaced  33/ft  (108/m) 

The  materials  or  material  combinations  were: 

1.  Copper  tube  with  copper  fins. 

2.  Copper  tube  with  aluminum  fins  coated  with  a  synthetic 
enamel .* 

3.  Aluminum  tube  with  aluminum  fins. 


*This  coating  was  removed  before  the  cleaning  process  described  in  the 
next  section  was  done. 
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The  copper  used  was  essentially  pure  copper;  the  aluminum  was  5005 
alloy  with  an  H-19  hardness. 

Cleaning  and  Coating  of  Heat  Exchangers 

The  heat  exchangers  were  taken  to  the  Guaranteed  Products  Division, 
DG  Shelter  Products,  City  of  Industry,  Calif.,  for  cleaning  and  for 
coating  of  one  set  of  the  three  types.  The  procedures  were  as  follows: 

1.  Copper  tube/copper  fin  and  copper  tube/aluminum  fin: 

•  Cleaner  (detergent  plus  6%  Oakite) ,  3  min  at  150°F 
(66°C) 

•  Rinse,  2  min  at  room  temperature 

•  Deoxidizer  (DESMUT)  (Oakite  LNC  containing  sulfuric 
acid) ,  10  sec  at  room  temperature 

•  Rinse,  2  min  at  room  temperature 

•  Cleaner,  3  min  at  150°F  (66°C) 

•  Rinse,  2  min  at  room  temperature 

•  Place  three  copper  tube/copper  fin  heat  exchangers  and 
three  copper  tube/aluminum  fin  heat  exchangers  in  indi¬ 
vidual  plastic  bags  for  return  to  CEL 

•  Paint  one  copper  tube/ copper  fin  heat  exchanger  and  one 
copper  tube/aluminum  fin  heat  exchanger  with  Sherwin 
Williams  H74BC23  POWERCLAD  enamel  (black)  at  150V  DC 
maximum,  2,000  amp 

•  Bake  painted  heat  exchangers;  dry  film  thickness  of 
coating,  0.6  mil  (0.0015  cm) 

•  Place  coated  heat  exchangers  in  individual  plastic 
bags  for  return  to  CEL 

2.  Aluminum  tube/aluminum  fin: 

•  Cleaner  (detergent  plus  6%  Oakite) ,  3  min  at  150°F 
(66°C) . 

•  Rinse,  2  min  at  room  temperature 

•  Caustic  etch  (4%  sodium  hydroxide  solution),  4  min  at 
120°F  (49°C) 

•  Rinse,  2  min  at  room  temperature 

•  Deoxidizer  (DESMUT)  (Oakite  LNC  containing  sulfuric 
acid),  1-1/4  min  at  room  temperature 


•  Rinse,  2  min  at  room  temperature 

•  Rinse  in  deionized  water  at  room  temperature 

•  Place  three  aluminum  tube/aluminum  fin  heat  exchangers 
in  individual  plastic  bags  for  return  to  CEL 

•  Paint  one  aluminum  tube/aluminum  fin  heat  exchanger  with 
Sherwin  Williams  H74BC23  POWERCLAD  enamel  (black)  at 
150V  DC  maximum,  2000  amp 

•  Bake  painted  heat  exchanger;  dry  film  thickness  of 
coating,  0.8  mil  (0.0020  cm) 

•  Place  coated  exchanger  in  plastic  bag  for  return  to 
CEL 

One  set  of  three  heat  exchangers  was  coated,  by  dipping,  at  CEL  as 
follows : 


•  One  coat  of  MIL-P-15328C  primer  (wash)  pretreatment  (blue), 
Formula  117B,  for  metals 

•  One  coat  of  TT-P-645  primer,  zinc  chromate,  alkyd  type 
(edges  of  fins  were  dipped  twice) 

•  One  coat  of  TT-E-489  enamel  (black),  alkyd,  gloss 

One  set  of  three  heat  exchangers  was  coated,  by  dipping,  at  CEL; 
the  procedures  were  as  follows: 

1.  Copper  tube/copper  fin  and  copper  tube/aluminum  fin: 

•  Brush  sandblast 

•  One  coat  Dimetcote  No.  3  zinc  inorganic  silicate  (edges 
of  fins  were  dipped  twice) 

2.  Aluminum  tube/aluminum  fin: 

•  One  coat  of  Dimetcote  No.  3  (edges  of  fins  were 
dipped  twice) 

A  micrometer  was  used  to  measure  fin  and  dry  film  thicknesses. 

Data  on  thickness  of  the  coating  systems  applied  at  CEL  are  presented  in 
Tables  1  and  2. 

One  set  of  three  heat  exchangers  was  left  uncoated. 

All  sets  of  the  exchangers  were  photographed  before  installation  in 
the  exposure  facility  (Figures  1  through  4). 

Exposure  Facility 

A  facility  in  which  to  expose  the  heat  exchangers  was  designed  at 
CEL.  Required  components  were  either  purchased  or  were  fabricated  by 
CEL.  The  facility  (Figure  5)  consists  of: 
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1.  A  bench  assembly 

2.  An  inlet  header 

3.  12  thermocouples  to  measure  the  temperature  of  the  inlet 
fluid  going  to  each  of  the  12  heat  exchangers 

4.  An  outlet  header 

5.  12  thermocouples  to  measure  the  fluid  outlet  temperature 
for  the  12  heat  exchangers 

6.  12  flow  meters  each  with  a  valve  for  flow  adjustment 

7.  A  52-gallon  electric  water  heater 

8.  A  circulating  pump  (Figure  6) 

9.  All  necessary  piping  and  valves 

All  exposed  piping  was  jacketed  with  fiberglass  insulation  covered  with 
aluminum  sheeting.  Thermocouple  (copper-constantan)  outputs  were  fed  to 
two  recorders  located  inside  the  adjacent  building.  When  one  of  these 
recorders  failed  during  the  first  month  of  operation,  both  recorders 
were  replaced  by  a  24-channel  strip  chart  recorder. 

The  12  heat  exchangers  were  installed  in  random  order  on  the  test 
facility;  the  test  fluid  (approximately  1:1  solution  of  engine  anti¬ 
freeze  and  tap  water)  was  added  to  the  system;  and  a  checkout  was  started 
After  it  was  determined  that  the  system  did  not  leak,  the  water  heater 
was  set  for  140°F  (60°C)*  and  turned  on.  Each  flow  meter  control  valve 
was  adjusted  so  that  the  flow  meter  scale  reading  was  50%,**  or  0.39  gpm 
(1.48  1/m),  of  liquid  with  a  specific  gravity  of  1.054  at  130°F  (54°C). 
Operation  of  the  equipment  was  checked  at  the  beginning  and  close  of 
each  working  day. 

Heat  loss  across  each  exchanger  was  determined  by  recording  the 
inlet  and  outlet  temperatures.  The  24-channel  strip  chart  recorder 
produced  a  data  point  approximately  every  3  minutes.  Temperature  dif¬ 
ferences  were  read  from  the  chart  paper  and  entered  on  specially  prepared 
data  forms,  each  of  which  had  spaces  for  two  sets  of  13  or  14  temperature 
drop  readings  per  heat  exchanger.  When  the  voluminous  data  obtained  was 
reviewed  by  a  CEL  mathematical  statistician,  he  suggested  that  at  approxi 
mately  1-month  intervals  13  or  14  temperature-drop  readings  be  averaged 
for  each  heat  exchanger.  Thus,  the  exchangers  could  be  ranked  in  decreas 
ing  order  of  cooling  efficiency. 

On  completion  of  the  operation,  a  review  of  the  data  indicated  that 
much  more  meaningful  conclusions  could  be  obtained  by  calculation  of  the 
heat  transfer  rate  for  each  heat  exchanger  approximately  weekly,  and  at, 
or  near,  a  time  when  the  ambient  temperature  was  known.  The  time  chosen 

*Compression  temperature  for  Freon-12  is  approximately  110°F  (43.4°C) 
and  for  Freon-11  is  120°F  (48.9°C). 

-“''Fluid  velocity  in  1-inch  (2.54-cm)  ID  tubing  was  0.16  ft/sec. 
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was  1600  hours  (4:00  p.m.),  although  this  time  could  vary  by  ±30  minutes. 
The  heat  transfer  rate  H,  in  Btu/hr-°F/ft  length*  of  the  heat  exchanger, 
was  determined  by  the  following  equation: 


where  m  =  fluid  through  the  exchanger,  lb/hr 

0^  =  specific  heat  of  the  liquid,  Btu/lb-°F 

L  =  length  of  the  heat  exchanger,  ft 
=  inlet  fluid  temperature,  °F 
Tq  =  outlet  fluid  temperature,  °F 
=  ambient  temperature,  °F 

The  ratios  of  the  heat  transfer  rates  of  coated  versus  uncoated  exchangers 
for  each  coating  type  and  exchanger  material  type  were  calculated  on  a 
monthly  basis  for  two  years,  and  linear  regression  curves  were  computer- 
plotted  so  that  performance  comparisons  of  uncoated  and  uncoated  versus 
coated  exchangers  could  be  made.  This  report  includes  data  selected  at 
approximately  1-week  intervals  between  29  Jun  1976  and  11  Aug  1978.  A 
time  extension  beyond  the  planned  29  Jun  1978  completion  of  a  2-year 
operation  was  necessary  because  the  equipment  was  shut  down  from  8  Jul 
to  19  Sep  1977  when  the  test  area  was  paved. 

Heat  transfer  ratios  are  shown  in  Figures  7  and  8,  and  data  points 
and  regression  curves  for  coated  versus  uncoated  copper  tube/copper  fin 
heat  exchangers  are  shown  in  Figures  9,  10,  and  11. 

Concurrent  with  the  operation  described  above,  the  exchangers  were 
examined  for  evidence  of  corrosion.  After  the  Apr  1978  inspection 
(Table  3),  it  was  decided  to  attempt  accelerating  the  rate  of  corrosion. 

A  small  cordless  electric  yard  and  garden  sprayer  was  used  to  spray 
approximately  1  quart  (0.95  liter)  of  seawater  on  the  heat  exchangers 
every  morning  of  each  working  day,  weather  permitting.  After  the  com¬ 
pletion  of  2  years  of  operation  the  exchangers  were  inspected  and  the 
results  are  shown  in  Table  4. 


FINDINGS 

The  test  data  obtained  during  this  investigation  are  shown  in 
graphical  form  in  Figures  7  through  11.  Figures  7a  and  7c  show  the 
negative  effect  of  coatings  on  the  heat  transfer  performance  of  aluminum 
tube/aluminum  fin  and  copper  tube/aluminum  fin  exchangers.  Figure  7b 
shows  that  all  three  coatings  improved  the  heat  transfer  performance  of 
copper  tube/copper  fin  exchangers  over  that  of  an  uncoated  unit  during 

*Btu/sq  ft  not  applicable  to  finned  tubing. 
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the  exposure  period.  For  example,  copper  tube/copper  fin  exchangers 
coated  with  an  electrostatic  polyester  coating  were  transferring  56% 
more  heat  than  the  uncoated  all  copper  unit  after  2  years;  specification 
alkyd  and  zinc  inorganic  silicate  coatings  showed  improvements  of  45% 
and  63%,  respectively,  over  uncoated  surfaces.  Each  of  these  curves 
with  its  data  points  is  shown  in  Figures  9  through  11. 

Data  plotted  in  Figure  8  allow  comparisons  of  the  performances  of 
the  various  primary  surfaces,  both  uncoated  and  coated.  For  uncoated 
exchangers,  Figure  8a  shows  that  after  24  months  aluminum  tube/aluminum 
fin  exchangers  are  performing  57%  better  than  copper  tube/copper  fin 
exchangers  and  32%  better  than  copper  tube/aluminum  fin  units.  When  the 
units  are  coated  with  an  electrostatic  polyester  coating  (Figure  8b), 
the  copper  tube/copper  fin  units  are  superior  to  all  the  others.  Much 
smaller  differences  occurred  when  the  exchangers  were  coated  with  the 
specification  alkyd  or  the  zinc  inorganic  silicate  materials  (Figures- 8c 
and  8d) . 

In  summary,  after  a  2-year  operation  in  a  temperate  marine  environ¬ 
ment  at  Port  Hueneme,  Calif.,  copper  tube/copper  fin  heat  exchangers 
coated  with  the  three  different  systems  were  found  to  have  a  higher  heat 
transfer  capacity  than  the  same  unit  in  the  uncoated  condition.  The 
zinc  inorganic  silicate  and  the  specification  alkyd  coatings  were  found 
to  be  in  better  condition  than  was  the  electrostatically  applied  polyester 
coating.  Conversely,  the  application  of  these  coatings  to  aluminum 
tube/aluminum  fin  and  copper  tube/aluminum  fin  heat  exchangers  resulted 
in  a  lower  heat  exchange  capacity  than  that  of  the  uncoated  units. 

Again,  the  zinc  inorganic  silicate  and  specification  alkyd  coatings  were 
in  better  condition  than  the  electrostatically  applied  polyester  coatings. 

DISCUSSION 

Although  tne  findings  give  an  indication  of  the  effect  of  coatings 
on  the  corrosion  resistance  and  the  heat  transfer  capacity  of  the  three 
types  of  heat  exchangers,  variables  such  as  bonding  of  the  coating  and 
coating  thickness  should  be  considered.  For  example,  Guaranteed  Products 
Division  cleans  and  coats  only  aluminum  extrusions  for  the  building 
industry.  They  ran  the  heat  exchangers  with  copper  components  in  their 
cleaning  baths  in  a  minimum  time  because  of  a  fear  of  possible  copper 
contamination  to  the  baths.  As  a  result,  the  surface  preparation  of  the 
copper  was  apparently  not  sufficient  to  assure  proper  bonding  of  the 
coatings.  Also,  the  coatings  applied  at  Guaranteed  Products  and  at  CEL 
were  not  modified  for  use  on  the  heat  exchangers.  Thus,  the  effect  of  a 
thicker  electrostatically  applied  polyester  coating  and  thinner  specifi¬ 
cation  alkyd  and  zinc  inorganic  silicate  coatings  is  not  known,  and 
needs  to  be  investigated.  In  addition,  an  in-service  evaluation  of 
coated  heat  exchangers  in  a  very  aggressive  environment  should  be  carried 
out  to  determine  their  cost  effectiveness  in  a  relatively  short  time. 

Any  in-service  evaluation  should  take  into  account  the  fact  that  a 
heat  exchanger  is  probably  overdesigned  in  order  to  compensate  for  loss 
of  thermal  efficiency  as  a  result  of  corrosion.  Thus,  an  exchanger 


which  is  coated  with  a  thermally  efficient,  corrosion-resistant  material 
could  be  smaller  in  size.  This  would  reduce  costs  and  save  additional 
energy  by  reducing  pumping  power  requirements.  In  addition,  the  longer 
life  expectancy  would  reduce  maintenance  costs,  perhaps  by  one-half. 

The  only  realistic  costs  for  coated  versus  uncoated  heat  exchangers 
used  in  this  study  were  for  the  all  copper  units.  Current  (1978)  prices 
range  from  $43.00  to  $53.80  each,  depending  on  the  quantity  purchased. 
Costs  of  cleaning  and  coating  are  $0.01  per  perimeter  inch,  or  $25.75. 
Thus,  coating  increases  the  price  by  48%  to  60%.  This  should  be  justified 
on  the  basis  of  increased  life  expectancy  alone.  As  stated  previously, 
additional  savings  would  accrue  from  lower  initial  costs  (smaller  units) 
and  higher  thermal  and  electrical  (pumping)  efficiencies.  An  excerpt 
from  a  cost-effectiveness  study  conducted  at  CEL  is  presented  in  the 
Appendix . 

CONCLUSIONS 

Based  on  a  2-year  operation  in  a  temperate  marine  environment,  it 
is  concluded  that  for  application  in  this  environment: 

1.  Copper  tube/copper  fin  heat  exchangers  coated  with  an  electro¬ 
static  polyester  material  (0.6  mil),  a  specification  alkyd  system  (10.4 
mils  total),  or  a  zinc  inorganic  silicate  material  (2.0  mils)  are  more 
thermally  efficient  (56%,  45%,  and  63%,  respectively)  than  an  uncoated 
exchanger  of  this  type  after  a  2-year  operation  in  a  temperate  marine 
environment . 

2.  The  three  coating  systems  used  had  mostly  a  negative  effect  on 
thermal  efficiency  when  applied  to  aluminum  tube/aluminum  fin  and  copper 
tube/aluminum  fin  exchangers. 

3.  Uncoated  aluminum  tube/aluminum  fin  heat  exchangers  are  more 
thermally  efficient  than  either  the  uncoated  copper  tube/copper  fin  or 
copper  tube/  aluminum  fin  heat  exchangers  after  a  2-year  operation  in  a 
temperate  marine  environment. 
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Figure  1.  Uncoated  heat  exchangers. 
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Figure  6.  Water  heater  and  circulating  pump 


(a)  Aluminum  tube/aluminum  fin. 


(b)  Copper  tube/copper  fin. 
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Copper  tube/aluminum  fin. 


Ratios  of  heat  transfer  rates 
(a)  Uncoated  heat  exchangers. 


(c)  Specification  alkyd  coated  heat  exchangers. 


inorganic  silicate  coated  heat  exchangers 


Figure  10.  Ratio  of  heat  transfer  rates,  specification  alkyd  coated 
versus  uncoated  copper  tube/copper  fin  heat  exchangers. 


Ratio  of  heat  transfer  rates,  zinc  inorganic  silicate  coated 
versus  uncoated  copper  tube/copper  fin  heat  exchangers. 


Table  1.  Thicknesses  of  Specification  Alkyd  Coating  Systems  Applied  to 
Heat  Exchangers 


Table  2.  Thickness  of  Zinc  Inorganic  Silicate  Coat 
Applied  to  Heat  Exchangers 


Heat  Exchanger 
Material 


Aluminum  tube/ 
Aluminum  fin 

Copper  tube/ 
Copper  fin 

Copper  tube/^ 
Aluminum  fin 


Fin  Thickness, 
mils  (mm) 

17.3  (0.44) 
23.1  (0.59) 

19.3  (0.49) 


Dry  Film  Thickne 
mils  (mm) 

3.6  (0.09) 
2.0  (0.05) 
4.4  (0.11) 


aDimetcote  No.  3. 

^The  factory-applied  synthetic  enamel  had  been  removed 


Table  3.  Condition  of  Coated  and  Uneoated  Heat  Exchangers  After 
20  Months  of  Operation  at  Port  Hueneme,  Calif. 
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Table  4.  Continued 
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Appendix 


COST  EFFECTIVENESS 
By  Richard  A.  Boettcher 


A  short  investigation  was  undertaken  at  CEL  to  develop  a  parametric, 
life-cycle  cost  analysis  to  include  the  necessary  decision  factors. 

The  objective  was:  first,  to  make  possible  a  decision  on  whether  or 
not  there  is  promise  in  coatings  for  air-cooled  condensers  of  Navy  air 
conditioning  equipment;  and  second,  if  cost-effective,  to  develop  a 
plan  of  action  for  CEL  production  of  recommendations  to  NAVFAC  on 
specifications  or  design  criteria,  as  appropriate.  The  investigation 
included:  (1)  inquiries  regarding  equipment  or  maintenance;  (2)  inquiries 

of  11  equipment  manufacturers  and  5  coil  fabricators,  coil  coaters,  and 
suppliers  of  metal  finishing  products;  (3)  review  of  previous  research 
on  coil  materials,  coatings,  and  finishes;  (4)  an  estimate  of  existing 
tonnage  in  Navy  mechanical  cooling  installations;  (5)  determination 
of  dominant  cost  elements  and  appropriate  cost  estimating  methodology; 
and  (6)  preparation  of  a  comparative  life-cycle  cost  example. 

A  life-cycle  cost  example  follows*  and  was  developed  to  compare 
the  cost  effectiveness  and  energy-to-cost  ratios  for  three  condenser 
coils  representing  successively  higher  levels  of  performance  over  the 
current  industry  standard.  The  results  of  this  analysis  show  that  coil 
performance  enhancement  can  be  justified  economically  at  all  Navy 
locations  where  mechanical  cooling  is  required  or  permitted.**  A 
continuing  research  effort  to  produce  definitive  design  criteria  and 
purchase  specifications  for  such  higher  performance,  air-cooled  refrigerat 
and  air  conditioning  condensers  is  clearly  indicated  and  is  recommended. 


*Copy  of  "Pay-Out  and  Energy/Cost  Ratios;  Comparative  Example  of 
Coated  Heat  Exchanger  Applications,"  by  Richard  A.  Boettcher. 

S 

**Locations  like  Charleston,  S.C.,  are  possible  exceptions  because 
of  the  shorter  and  less  severe  cooling  season,  moderately  corrosive 
atmospheric  conditions,  low  power  costs,  and  relatively  low  cost  of 
construction  and  maintenance;  all  of  which  combine  to  produce  the 
operating  conditions  for  which  present  commercial  designs  of  packaged 
equipment  appear  to  be  optimized. 


This  investigation  also  included  an  estimate  of  installed  Navy  air 
conditioning  and  refrigeration/equipment  cooling  tonnage  that  employs 
air-cooled  condensers.*  Results  are  reported  herein.  In  summary,  an 
average  annual  saving  of  $15.7  million  can  be  made;  the  average  pay-out 
is  3.8  years  for  all  environments;  and  an  estimated  annual  electrical 
energy  saving  equivalent  to  3.2  x  106  million  Btu's  could  result,  reducing 
the  Navy's  fuel  oil  dependency  by  almost  1,500  barrels  per  day. 

Several  conclusions  are  made  as  a  result  of  this  investigation: 

1.  CEL  should  develop  an  interdisciplinary  program  to  continue 
research  on  air-cooled  condenser  design  criteria. 

2.  Because  cost-effective  condenser  designs  for  severe  atmospheric 
exposures  and  areas  of  high  energy  costs  are  not  necessarily  cost- 
effective  under  other  conditions,  an  air  conditioning  "tropicalization" 
specification  may  be  appropriate. 

3.  Higher  performance  condensers  should  be  considered  for  existing 
cooling  units  when  condensers  are  replaced.  For  new  units,  any  special 
Navy-specified  condenser  should  be  supplied  with  the  equipment;  field 
retrofit  is  not  practical. 

4.  Condenser  specifications  that  are  cost-effective  cannot  be 
developed  without  consideration  of  industry  standards  and  fabrication 
practices . 

5.  If  materials,  fabrication  method,  and  coating  specified  are 
commercially  available,  industry  can  quote  costs  on  high  performance, 
Navy-specification  condensers. 

6.  Frequency  of  coil  washing  has  a  significant  effect  (as  high  as 
25%)  on  the  power  cost  factor,  and  the  estimates  made  herein  are  based 
on  regular  washing. 


*Copy  of  "The  Status  of  Research  and  Development  for  Improving  the 
Long-Term  Performance  of  Air-Cooled  Condensers  in  Marine  Environments," 
by  Richard  A.  Boettcher. 
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Pay-Out  and  Energy/Cost  Ratios 
Comparative  Example  of  Coated  Heat  Exchanger  Applications 


Pay-outs  and  energy/cost  (E/C)  ratios  are  presented  in  tables  1-4 
for  four  postulated  coil  types  at  four  locations  considered  typical  of 
the  range  of  atmospheric  corrosivity  experienced  at  Navy  shore  activities, 
worldwide.  Calculations  were  made  for  the  following  locations: 

a.  Severe  environment  -  Table  1--Guam,  Marshall  Islands 

b.  Moderate  environment  -  Table  2--Pearl  Harbor,  HI 

Table  3 — Charleston,  SC 

c.  Mild  environment  -  Table  4 — El  Centro,  CA 

These  locations  not  only  represent  a  range  of  atmospheric  corrosivity*  but 
also  ranges  of  cooling  requirements,  power  costs,  and  costs  of  construction/ 
maintenance  work. 


Coil  Types 


The  four  coil  types  considered  were  termed  the  "standard"  coil,  an 
"improved"  coil,  a  "superior"  coil,  and  a  "lifetime"  coil.  Where  greater 
resistance  to  atmospheric  corrosion  can  be  justified  than  that  of  the 
standard  commercial  coil  normally  supplied  as  part  of  packaged  equipment 
units,  the  improved,  superior  and  lifetime  coils  are  intended  to  provide 
successively  higher  levels  of  overall,  life-cycle  performance.  Higher 
performance  can  be  achieved  by  a  combination  of  more  corrosion  resistant 
and  mutually  compatible  materials  for  fins  and  tubing,  the  use  of  pro¬ 
tective  coatings  or  finishes,  and  increased  coil  heat  transfer  area.^ 
Because  of  the  high  cost  of  coil  replacement  it  is  desirable  that  a  coil 
have  the  same  economic  lifetime^  as  other  components  of  the  cooling  unit. 


Research  by  the  U.  S.  Army  Natick  Laboratories  on  quantitative  measurement 
of  saltfall  as  a  factor  in  atmospheric  corrosivity  is  discussed  in  a  Code 
I.03B  file  memo  dated  9  Apr  1979  entitled,  "Estimating  Coil  Life  and  Rela¬ 
tive  Heat  Transfer  Based  on  Exposure" 

2 

Industry,  generally,  has  optimized  condenser  coil  design  variables  that 
are  more  closely  related  to  manufacturing  operations  and  initial  cost, 
such  as  fin  thickness  and  mechanical  properties,  fin  spacing  and  configura¬ 
tion  for  maximum  heat  transfer,  and  mechanical  bonding  methods  that  assure 
good  conductivity  between  fins  and  tube.  No  changes  to  improve  performance 
would  be  contemplated  for  these  details. 

5Per  NAVFAC  P-442,  economic  lifetime  is  the  least  of  the  mission  life,  the 
physical  life,  or  the  technological  life  and  is  the  period  of  time  during 
which  positive  benefit  is  provided  to  the  Navy. 
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Considering  only  the  effects  of  atmospheric  corrosion,  the  expected 
service  or  physical  life  of  standard  condenser  coils  is  much  shorter 
in  severe  environments  than  the  service  life  of  other  packaged  components, 
as  illustrated  by  the  following  tabulation: 


Component 

Compressor,  motor,  controls 
and  cabinet 

Air  cooled,  plate-fin 
condenser 


Expected  Service  Life  of  Standard 
Commercial  Equipment  -  Years 


Severe 

Exposure 

5 

1-2 


Moderate 

Exposure 

10 

4-6 


Mild 

Exposure 

IS 

10-15 


Thus,  it  can  be  expected  that  in  severe  exposure  locations  such  as  Guam 
and  Diego  Garcia  the  standard  commercial,  uncoated  condenser--i . e,  a  plate- 
fin  unit  with  aluminum  fins4  mechanically  attached  to  a  copper  tube--might 
have  to  be  replaced  as  often  as  three  times  during  the  lifetime  of  the 
unit.  T3iis  compares  to  a  single  replacement  in  moderate  environments 
such  as  Pearl  Harbor  and  coastal  CONUS  locations,  or  even  less  frequently 
in  mild  environments  at  semi-desert,  interior  locations  in  the  Southwest 
U,  S.  such  as  El  Centro,  CA  or  Phoenix,  AZ. 

Expected  performance  characteristics  of  selected  coil  alternates  in 
a  severe  marine  environment  are  as  follows: 

Lifetime  Coil 


a.  Performance  --  No  significant  performance  degradation  or  failure 
over  the  physical  lifetime  of  other  unit  components* 

b„  Cost  --  Maximum  cost  of  unit  1.8  times  cost  of  standard  commercial 
unit;  replacement  coil  cost  no  more  than  4.0  times  cost  of  standard  commer¬ 
cial  coil. 

c.  Candidate  materials  —  All  copper  coil  with  hot  dipped  tin  or 
electroless  nickel  (MIL-C-26074A)  coating  of  1.0  mil  minimum  thickness. 

d.  Design  criteria  for  coil  sizing  --  Inlet  air  temperature  100°F; 
condensing  temperature  120°F. 

Superior  Coil 

a.  Performance  —  Coil  performance  satisfactory  over  physical  lifetime 
of  other  components  in  comfort  cooling  unit  application,  within  acceptable 


4 

Industry  practice  is  to  use  7072  high-strength  zinc  alloy  fin  stock  of 
approximately  0.006"  thickness  with  integral,  flared  "collars"  around 
holes  punched  for  the  copper  tubes.  These  collars  serve  to  separate 
the  fins  at  spacing  of  12-14  fins  per  inch,  covering  and  protecting 
the  soft  copper  tube  after  it  is  expanded  into  them  by  either  hydraulic 

(cont'd  next  page) 
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limits  of  degradation.  Possibility  of  50%  that  coil  replacement  will 
become  necessary  in  essential  refrigeration  or  equipment  cooling  installa¬ 
tions,  where  performance  degradation  cannot  be  permitted,, 

b,  Cost  --  Maximum  cost  of  unit  1.5  times  cost  of  standard  commercial 
unit;  replacement  coil  cost  no  more  than  3,0  times  cost  of  a  standard 
commercial  coil. 

c,  Candidate  materials  —  All  copper  coil  with  surface  pre-treatment 
and  organic  coating,  or  standard  coil  construction  using  electroless 
nickel  (MIL-C-26074A) ,  pre-coated  aluminum  fin  stock  and  tin  or  nickel 
plated  copper  tubing,  with  suitable  organic  coating.  Alternate  coating 
for  standard  coil  is  3,0  mil  thickness  Heresite  baked  phenolic  resin 
coating  (MIL-C-18467A) , 

d,  Design  criteria  for  coil  sizing  --  Inlet  air  temperature  9S°F; 
condensing  temperature  120°F. 

Improved  Coil 

a.  Performance  —  At  least  one  coil  replacement  necessary  over  lifetime 
of  unit. 

b.  Cost  —  Maximum  cost  of  unit  15%  more  than  cost  of  standard  com¬ 
mercial  unit;  replacement  coil  cost  no  more  than  1.5  times  cost  of 
standard  commercial  coil. 

c.  Candidate  materials  —  Standard  commercial  or  all  aluminum  coil  with 
chromate  conversion  treatment  (MIL-C-S541B)  after  fabrication,  and  suitable 
organic  coating. 


d.  Design  criteria  for  coil  sizing  --  Inlet  air  temperature  95°F; 
condensing  temperature  125°F. 

In  moderate  or  mild  environments  longer  coil  lifetimes  and  fewer  coil 
replacements  would  be  expected;  this  factor  is  taken  into  consideration 
quantitatively  in  developing  the  life-cycle  cost  estimates5  of  tables  1 
through  4. 

4  (cont'd) 

or  mechanical  means.  The  copper  tubing  is  usually  proof  tested  at  450 
psi.  When  aluminum  tubing  is  used,  it  is  typically  a  high  ductility  3003 
manganese  alloy  slightly  lower  in  the  electromotive  series  than  the  7072 
fins.  This  difference  affords  some  protection  from  galvanic  corrosion. 
Aluminum  tubing  is  also  expanded  into  the  collared,  plate-type  fins, 
eliminating  the  severe  corrosion  that  formerly  resulted  from  residual 
brazing  salts  when  all  aluminum  condensers  were  first  introduced. 

^  In  addition  to  NAVFAC  P-442,  a  useful  discussion  is  contained  in 
"Analyzing  HVAC  Life-Cycle  Economics  on  a  Calculator",  by  Robert  A. 
Walker,  Specifying  Engineer,  November  1978 
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Table  1 

Payout  and  E/C  Ratio  for  Selected  Air  Condensing  Coil  Designs 
of  10-Ton  Air  Conditioning  and  Equipment  Cooling/Refrigeration  Installations 

in  Severe  Environment  -  Guam,  M.I. 
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Assumes  coil  washed  regularly;  power  consumption  approximately  15%  and  25%  higher  if  coil  washed  infrequently 
or  never,  respectively. 

'e/C  Ratio  =  11.6  x  kWhr/$.  Energy  Conservation  Investment  Program  (ECIP)  requires  minimum  E/C  ratio  of  20 
for  FY-81.  Projects  must  also  amortize  within  their  economic  life.  Ref:  CNO  ltr  Ser.  44/720848  of 
27  Jul  78  and  ASD  (I&H)  memo  of  21  Oct  77. 


Table  2 

Payout  and  E/C  Ratio  for  Selected  Air  Condensing  Coil  Designs3 
of  10-Ton  Air  Conditioning  and  Equipment  Cooling/Refrigeration  Installations 
in  Moderate  Environment  -  Pearl  Harbor,  HI 
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Table  3 

Payout  and  E/C  Ratio  for  Selected  Air  Condensing  Coil  Designs3 
of  10-Ton  Air  Conditioning  and  Equipment  Cooling/Refrigeration  Installations 
in  Moderate  Environment  -  Charleston,  S.C. 
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Assumes  coil  washed  regularly;  power  consumption  approximately  15%  and  25%  higher  if  coil  washed  infrequently 
or  never,  respectively. 

E/C  Ratio  =  11.6  x  kWhr/$.  Energy  Conservation  Investment  Program  (ECIP)  requires  minimum  E/C  ratio  of  20 
for  FY-81.  Projects  must  also  amortize  within  their  economic  life.  Ref:  CN0  ltr  Ser.  44/720848  of 
27  Jul  78  and  ASD  (I&H)  memo  of  21  Oct  77. 
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Life-Cycle  Costs 


In  the  pay-outs  and  energy/cost  ratios  tabulated  for  each  of  the 
selected  locations  in  tables  l  through  4,  the  first  four  columns  deal 
with  life-cycle  costs.  A  10-ton  unit  was  selected  as  the  basis  for  cost 
comparison  because  the  size  range  of  five  to  twenty  tons  at  PMTC/NAS 
Pt .  Mugu,  considered  reasonably  representative,  contained  almost  half  of 
the  250  cooling  unit  installations  at  that  location.  The  basic  in  foliation 
cost,  including  both  the  refrigeration  and  distribution  subsystems,  w.r- 
assumed  to  be  equal  for  typical  air  conditioning  and  equipment  coo.ing/ 
refrigeration  installations.  At  different  locations,  insta 1 lat ion  .  -t' 
(column  1)  were  adjusted  for  the  geographic  construction  cost  facto)  of 
NAVFAC  P-448.  The  net  present  value  (column  2)  combines  investment  ad 
all  operating  and  maintenance  costs,  including  periodic  replacement  of 
condensers  as  well  as  replacement  of  complete  cooling  units.  This  was 
summed  over  a  30-year  period  of  comparison  for  installations  having  units 
with  5,  10,  and  15-year  lifetimes,  and  was  calculated  using  discount  factors 
of  NAVFAC  P-442.  A  differential  inflation  rate  of  7%  for  the  cost  of 
electrical  energy  was  also  applied  per  current  ECIP  guidance.  In  comparing 
columns  1  and  2,  it  is  of  interest  to  note  that  a  MII.CON  investment  of 
$1.00  in  cooling  facilities  also  commits  the  Navy  to  the  simultanrous 
allocation  of  between  $1.91  and  $4.02  for  30-year  operation  and  maintenance, 
depending  on  location.  Column  3  is  simply  the  equivalent  annual  cost  of  the 
totals  from  column  2.  Column  4  is  included  to  permit  calculation  of  F;/C 
ratios  and  as  an  easy  comparison  of  power  consumption6,  since  power  costs 
are  not  separated  from  the  totals  of  colums  2  and  3.  For  standard  coils, 
power  cost  typically  ranges  between  1/3  and  2/3  of  the  total  annualized 
life-cycle  costs;  maintenance  ranges  between  6%  and  10%,  with  capital 
costs  for  the  initial  installation  and  major  equipment  replacement  varying 
between  28%  and  54%  of  the  total. 

A  significant  power  cost  factor  is  frequency  of  coil  washing.  Periodic 
coil  washings  should  be  part  of  a  station's  preventive  maintenance  program. 
Calculations  of  life-cycle  costs  included  a  preliminary  evaluation  of 
more  rapid  coil  performance  degradation  and  added  power  consumption  when 
coils  were  not  washed  regularly.  Infrequently  washed  or  unwashed  coils 
subject  to  airside  fouling  in  marine  atmospheres  were  estimated  to  result 
in  higher  power  costs  of  approximately  15%  and  25%,  respectively. 

Pay-Outs  and  Energy/Cost  Ratios 


The  last  four  colums  of  tables  1-4  present  simple  pay-outs  and  energy/ 
cost  ratios,  using  data  from  the  first  four  columns.  For  both  pay-out 
and  E/C  ratio,  comparisons  are  made  to  the  least  cost  or  least  efficient 
standard  coil  and  to  the  next  least  expensive  coil  alternative.  Thus,  the 


6 

Power  consumption  estimates  are  based  on  running  time,  a  rational 
analysis  of  which  is  contained  in  Code  L03B  file  memo  dated  9  April 
1979  entitled,  "Estimating  Energy  Requirements  Based  on  Relative 
Heat  Transfer" 
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improved  coil  is  compared  only  to  the  standard  coil  hut  the  superior  coil 
is  compared  to  both  the  standard  coil  and  the  improved  coil  while  the 
lifetime  coil  is  compared  to  the  standard  coil  and  to  the  superior  coil. 

Hie  incremental  pay-out  or  li/C  ratio  of  the  next  level  of  expenditure  for 
higher  performance  coil  is  shown  in  colums  6  and  8.  With  a  sufficiently 
good  pay-out  for  the  improved  over  the  standard  coil,  there  may  be  a  relatively 
poor  (or  non-existent)  pay-out  for  the  superior  over  the  improved  coil, 
and  the  superior  coil  will  still  show  a  relatively  good  pay-out  over  the 
standard  coil.  A  case  in  point  is  the  superior  coil  for  Guam,  table  1. 

In  this  instance,  higher  performance  than  provided  by  the  improved  coil, 
cannot  be  justified  under  the  assumptions  made  for  the  tabulated  example. 

(Note  the  30  and  180-year  pay-outs  in  column  6.)  However,  at  Pearl 
Harbor  the  reverse  situation  exists.  At  that  location  superior  coils 
for  both  air  conditioning  and  equipment  cooling/refrigeration  show  good 
incremental  pay-outs  and  improved  pay-outs  relative  to  the  standard  coil  when 
compared  to  the  improved  coil.  At  Charleston  (table  3)  there  appears  to 
he  no  Navy  cost  advantage  attending  the  use  of  any  higher  performance 
coils,  while  at  El  Centro  the  superior  coil  should  probably  be  given 
serious  consideration,  as  at  Pearl  Harbor. 

On  the  basis  of  energy  saving,  all  coils  will  satisfy  the  requirement  of 
CNO  guidance  that  a  $1,000  investment  result  in  a  saving  of  at  least  20 
million  BTUs  set  for  the  FY81  MILCON  Program.  (A  single  exception  is  the 
incremental  cost  of  the  lifetime  air  conditioning  coil  over  the  superior 
coil  at  Charleston,  table  3,  where  the  E/C  ratio  falls  to  18.6.) 

Variations  at  the  four  comparison  sites  from  coil  to  coil  and  between 
dollar  pay-out  and  E/C  ratios  are  more  understandable  when  it  is  remembered 
that  the  pay-out  calculations  over  a  thirty  year  time  span  involve  large 
costs  for  both  power  and  condenser  equipment  replacement  while  the  E/C 
calculations  involve  power  consumption  only. 
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The  Status  of  Research  l i  Development  for  Improving 
the  Long-Term  Performance  of  Air-Cooled 
Condensers  in  Marine  f:nv i ronments 


Iv  DIMENSIONS  OF  Till:  CORROSION/FOULING  PROBLF.M 

The  Department  of  Defense  Construction  Criteria  Manual  (reference  1, 
chapter  8.  pp.  8-15)  makes  mandatory  the  outdoor  installation  of  air¬ 
cooled  condensers,  evaporative  condensers  and  cooling  towers.  But  it  also 
acknowledges  that  some  problems  may  result  by  its  statement: 

"In  order  to  avoid  corrosion  problems,  no  air  conditioning  equipment, 
including  rooftop  units,  shall  be  installed  on  the  roof  of  a 
building  within  two  miles  of  the  ocean.  Alien  such  equipment  is 
installed  on  the  ground,  it  should  be  located  on  the  leeward  side 
of  the  building.  Special  consideration  of  corrosion  problems 
shall  be  made  for  any  air  conditioning  (including  heating  and 
ventilating)  equipment  which  is  to  be  installed  within  ten  miles 
of  the  ocean." 

Nevertheless,  the  majority  of  Navy  air  conditioning  and  refrigeration/ 
equipment  cooling  installations  employing  air-cooled  condensers  appear, 
of  necessity,  to  have  been  installed  closer  to  the  ocean  than  the  two 
and  ten-mile  DoD  limits  would  normally  permit.  Although  operating  and 
maintenance  costs  may  be  higher  than  at  interior  locations,  little  design 
consideration  is  given  to  such  special  conditions.  The  reason  is 
mechanical  cooling  equipment  has  become  standardized  to  such  an  extent 
that  custom  designs  are  discouraged.  Clearly,  standardization  has 
reduced  the  cost  of  an  initial  installation.  lVhat  is  not  so  clear  is 
whether  this  gain  has  been  accomplished  in  exchange  for  an  even  greater 
loss  due  to  the  resulting  increase  in  operating  expense  and  replacements. 

The  Design  Problem  of  Fouling 


A  design  engineer  will  normally  match  the  capacity  of  a  compressor 
and  a  condenser  to  load  requirements,  following  reference  1,  which  states: 

"In  the  selection  of  air-cooled  condensers,  careful  engineering 
consideration  shall  be  given  in  the  determination  of  the  capacity 
of  the  condenser  and  the  condenser  fan  (or  fans)  in  relation  to 
the  compressor  size.  Often  the  selection  of  a  larger  capacity 
condenser  will  permit  use  of  a  smaller  compressor  motor  so  that 
total  electrical  input  to  both  condenser  and  compressor  is  reduced. 

In  other  cases  where  the  compressor  motor  size  cannot  be  reduced, 
the  electrical  consumption  of  a  given  size  compressor  can  be 
reduced  by  using  a  larger  capacity  condenser  and,  therefore,  the 
combined  electrical  input  to  both  components  can  be  reduced. 

Capacities  of  air-cooled  condensers  shall  be  selected  to  provide 
optimum  operating  costs  over  the  life  of  the  equipment,  consistent 
with  initial  equipment  costs.  Full  consideration  shall  be  given 
to  the  use  of  air-cooled  condensers  for  all  reciprocating  refrigera¬ 
tion  compressors  unless  there  are  compelling  technical  or  economic 
reasons  for  using  water  cooling." 
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Additionally,  he  will  he  guided  hy  reference  2  which  also  addresses 
the  economical  selection  of  air-cooled  condensers.  This  NAVFAC  manual 
establishes  limits  on  maximum  design  condensing  temperature  and  minimum 
temperature  difference  between  the  condensing  refrigerant  and  entering 
air,  No  reference  is  made  to  power  cost  or  other  factors  affecting 
life-cycle  performance,  from  which  the  inference  may  be  drawn  that 
condenser  selection  economics  deals  primarily  with  initial  cost.  An 
experienced  designer  realizes,  however,  that  in  selecting  his  entering 
air  and  condensing  temperatures  he  is  indirectly  prescribing  a  fouling 
factor  for  the  condenser  he  is  sizing.  This  is  necessary  because 
references  2  and  3  give  no  guidance  in  this  area,  as  they  do  for  water 
cooled  condensers,  nor  do  they  address  the  subject  or  provide  information 
to  make  allowance  for  corrosion  effects  on  condenser  life  and  efficiency. 
Thus,  the  design  trade-off  among  factors  which  affect  life-cycle  system 
cost  is  largely  left  to  the  experience  of  an  equipment  manufacturer/ 
supplier.  It  is  well-known  that  the  technical  output  of  an  equipment 
supplier  is  very  difficult,  if  not  impossible,  to  control  under  current 
procurement  regulations.  The  complexity  of  the  resulting  design  problem 
of  economic  condenser  selection  can  be  illustrated  most  simply  by  a 
listing  of  the  design-economic  variables  involved,  as  is  done  in  the 
following  tabulation. 

Site  Variables 

Corrosion/fouling  conditions 

Labor  cost/skills/avail¬ 
ability 

Construction/maintenance 
cost  index 

Power  costs 


Design  Variables 

Condenser  size 

Materials  for  tubes/ 
fins 

Coated/uncoated 
Coating  material 


Oper,  Variables 
Load  factor 
Operating  factor 

Level  of  preventive 
maintenance 

Washed/not  washed 

Washing  frequency 


The  Corrosion  Problem 


Industry  recognizes  that  the  performance  of  its  standard  designs  can 
become  deficient  because  of  atmospheric  corrosion  in  marine  environments. 

Less  efficient  condenser  heat  transfer  due  to  corrosion  increases  the 
condensing  temperature  and  pressure  with  a  reduction  in  cooling  capacity, 
an  increase  in  motor  load/power  consumption,  and  more  rapid  compressor 
deterioration.  It  is  not  unusual  for  aluminum  condenser  fins  to  corrode 
away  completely  in  two  years  or  less.  Several  air  conditioning  manufacturers 
report  a  two  year  maximum  coil  lifetime  expectancy  in  certain  Texas 
Gulfcoast  and  Southern  California  coastal  locations.  The  Army  Mobility 
Equipment  Research  and  Development  Center  considers  that  a  one  and  one-half 
year  condenser  lifetime  is  acceptable  performance  at  Ft,  Sherman  in  the 
Panama  Canal  Zone,  A  1969  CEL  report  to  NAVFAC  on  materials  for  air 
conditioners  states: 

"The  lifetime  of  an  air  conditioner  condenser  with  aluminum  fins 
on  copper  tubes  at  Kwajalein  is  about  one  year.  Corrosion  is 
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visible  in  less  than  two  months  in  units  installed  near  the  ocean. 

Larger  units  of  central  air  conditioning  systems  using  copper  fins 
on  copper  tubes  last  three  to  four  years  depending  on  exposure. 

On  Guam,  the  situation  is  about  the  same,  given  similar 
exposures,.  Units  run  24  hours  per  day  in  both  places." 

Of  fourteen  3/4-ton  air  conditioners  installed  on  Guam  for  a  Civil 
Engineering  Laboratory  field  test  in  June  1970,  six  had  experienced 
mechanical  failure  and  were  replacodby  October  1971.  Prior  to  this 
experience,  the  Laboratory  had  stated: 

"Corrosion  of  heat  exchangers — especially  the  aluminum  fin/copper  tube 
condensers  usually  supplied  in  air  conditioners--is  a  continuing 
expense  for  replacement  or  repair.  In  the  warm  humid  salt  air 
of  the  tropic  islands  the  problem  is  especially  severe.  Aluminum 
fin/copper  tube  condensers  are  destroyed  by  galvanic  corrosion 
while  fins  of  all  copper  condensers  are  destroyed  by  oxidation. 

Three  to  five  years  is  now  the  expected  service  life  on  Guam." 

In  less  severe  environments,  it  has  been  observed  that  rooftop  units 
at  the  NCBC,  Port  Hueneme  Commissary  show  extensive  coil  deterioration 
and  will  require  replacement  after  less  than  ten  years'  service. 

Similar  conditions  exist  at  Pt.  Mugu.  On  the  other  hand,  condensing 
units  with  tin-dipped,  all-copper  coils,  serving  portable,  walk-in 
refer  boxes  at  Pt.  Hueneme  are  still  giving  satisfactory  service  after 
25  years. 

Problem  Magnitude 

The  magnitude  of  corrosion/foul ing  problems  at  Navy  shore  facilities  can 
be  measured  by  the  size  of  the  Navy  inventory  of  air-cooled  mechanical 
refrigeration  installations.  Such  a  size  estimate  was  made  as  part 
of  this  investigation  in  order  to  assess  the  potential  benefit  of  a 
solution. 


Using  preliminary  results  reported  in  NESO's  Air  Conditioning  Tune-Up 
(ACTUP)  Program  equipment  survey,  combined  with  data  from  Pt .  Mugu 
on  installed  units  of  all  sizes  and  types,  it  was  estimated  that  there 
is  somewhat  under  300,000  tons  of  installed  capacity  in  air-cooled 
refrigeration  and  air  conditioning  equipment.  Navywide,  in  sizes  as 
large  as  480  tons  for  a  single  unit.  The  estimated  breakdown  of  large 
and  small  air-cooled  units  is  as  follows: 

Tonnage  Units 


Amount 

Percent 

Number 

Percent 

Units 

of  50- 

•ton  capacity  8  over 

58,000 

21.4 

590 

4.0 

Units 

under 

50-ton  capacity 

213,000 

78.6 

14,300 

96.0 

271,000 

100.0 

14,890 

100.0 
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Considering  both  air-cooled  and  water-cooled  equipment,  the  Navy  is 
estimated  to  be  operating  a  total  of  15,500  units  that  produce  397,000 
tons  of  refrigeration.  Of  this  amount,  an  estimated  600  large  water- 
cooled  units  represent  31 ,6%  of  the  Navy's  total  intalled  air  conditioning 
and  refrigeration/equipment  cooling  capacity. 

For  cost  estimating  purposes,  it  is  desirable  to  break  down  the  total 
tonnage  of  equipment  employing  air-cooled  condensers  in  two  ways.  First, 
by  severity  of  atmospheric  conditions  to  which  condensers  are  exposed, 
and  second,  by  the  type  of  service,  i.e,,  whether  the  units  are  used 
continuously  or  run  only  during  the  hot  portion  of  the  day  or  the  year, 
such  as  for  comfort  cooling.  The  former  breakdown  permits  a  more  accurate 
estimate  of  equipment  replacement  frequency,  the  latter  is  necessary 
for  meaningful  estimates  of  power  consumption  and  costs.  The  preliminary 
ACTIJP  inventory  results  gave  geographical  equipment  statistics  by 
F.ngineering  Field  Division  which  were  extrapolated  to  yield  the  following 
sub-divisions  of  the  total  tonnage  estimate  for  air-cooled  units: 

Conditions  of  Exposure 


Severe 

Moderate 

Mild 

Total 

Installed  tonnage  of 
air  conditioning 
equipment 

14,500 

62,700 

4,800 

82,000 

Installed  tonnage  of 

25,300 

143,500 

20,200 

189,000 

refrigeration  5 
cooling  equipment 

39,800 

206,200 

25,000 

271,000 

II.  MILITARY  RESEARCH  AND  DEVELOPMENT 

The  problem  outlined  above  is  not  new.  It  has  existed  and  has  been 
recognized  for  over  20  years,  changing  slowly  with  developments  in 
materials  and  manufacturing  technology,  with  increases  in  the  cost  of 
labor  for  field  installation  and  maintenance,  and,  most  recently,  with 
the  expected  accelerating  costs  for  electric  power.  The  results  of  prior 
materials  sciences  research  and  equipment  performance  studies  by  military 
laboratories  take  on  an  added  significance  now  because  their  implementa¬ 
tion  may  effectively  reduce  electrical  energy  consumption. 

Navy  Research  and  Development 

Recognizing  that  condenser  choices  for  selection  in  accordance  with 
prescribed  criteria  were  frequently  limited  and  that  commercially  available 
equipment  often  failed  to  perform  satisfactorily  in  severe  marine  environ¬ 
ments,  NAVFAC  authorized  two  four-year  research  investigations  by  the 
Civil  Engineering  Laboratory  (CEL),  which  began  in  1968.  Both  investiga¬ 
tions  are  now  completed.  The  first  dealt  with  materials  to  improve  the 
corrosion  resistance  of  air-cooled  condensers  and  the  second  with  a 
two-year  weathering  test  of  three  selected  organic  coatings  which  could 
increase  the  long-term  heat  transfer  coefficient  of  such  condensers. 


Over  the  period  FY69  through  FY72  CEL  conducted  the  field  test  of 
fourteen  air  conditioning  units  at  Guam  referred  to  previously.  Twelve 
modified  and  two  unmodified  units  were  tested  to  evaluate  the  corrosion 
control  value  of  various  metals  and  coatings  for  condensers,  valves  and 
fittings  in  air  conditioners.  Mechanical  failures  terminated  the  test 
before  corrosion  effects  became  evident.  Between  FY75  and  FY78  CEL 
undertook  to  determine,  by  laboratory  experiment,  the  long-term  effect 
of  protective  coating  on  the  thermal  performance  and  material  deterioration 
of  fin-tube  air-cooled  heat  exchangers.  The  total  cost  of  CEL  work  since 
1969  was  slightly  over  $100,000. 

The  completed  coating  research  was  successful  within  its  authorized  scope. 
It  indicated  a  possible  long-term  beneficial  effect  of  protective  coatings 
on  the  thermal  performance  of  fin-tube  type  air-cooled  heat  exchangers  of 
various  materials  of  construction.  Thus,  it  provides  the  technical 
basis  for  a  decision  whether  or  not  more  extensive  research  on  coatings  for 
air-cooled  refrigeration  condensers  should  be  conducted.  Contrary  to 
the  expectations  of  a  number  of  practicing  engineers,  findings  indicated 
that  substantial  benefit,  i.e.,  over  50%  improvement  compared  to  an  uncoated 
coil,  might  be  realized  for  a  representative  coating  under  laboratory 
simulated  conditions.  Specifically,  the  following  conclusions  can  be 
drawn  from  the  draft  report  of  reference  4: 

a.  Reported  results  show  that  favorable  effects  on  heat  transfer 
can  be  expected  for  organic  coatings,  based  on  two  years'  exposure  under 
laboratory  conditions. 

b.  Test  results  do  not  permit  the  condenser  materials/coatings  to  be 
classified  as  "high  performance"  or  "improved"  refrigeration  condensers, 
nor  to  make  recommendations  to  NAVFAC  on  design  criteria  or  specifications 
for  refrigeration  equipment. 

c.  Performance  of  the  three  organic  (paint)  coatings  tested  do  not 
provide  a  basis  for  selecting  among  the  many  other  types  of  available 
commercial  and  MIL-SPEC  coatings  tested  by  CEL  and/or  developed  for 
automotive,  ordnance,  and  aerospace  equipment. 

d.  Test  results  do  not  provide  a  basis  directly  for  predicting  the 
condenser  life  expectancy  or  the  cooling  unit  power  consumption  under 
various  conditions  of  operation  and  exposure. 

Factors  other  than  condenser  material  selection  and  coating,  such  as 
the  method  of  condenser  fabrication,  condenser  size,  and  the  frequency 
of  condenser  washing,  have  an  equal  or  greater  effect  on  condenser  life 
and  cooling  unit  power  consumption.  Therefore,  items  (b) ,  (c) ,  and 
(d)  are  appropriate  subjects  for  continuing  research. 

Army  Research  and  Development 

Civil  Engineering  Laboratory  work  to  improve  the  performance  of  air¬ 
cooled  refrigeration  condensers  in  marine  environments  was  based,  in  part, 
on  previous  work  by  the  Army  Mobility  Equipment  Research  and  Development 
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Center  (formerly  the  U,  S,  Army  engineer  Research  and  Development 
Laboratories)  at  Ft „  Belvoir,  VA.  This  laboratory  pursued  a  test  and 
evaluation  program  between  FYS5  and  FY73,  concentrating  on  lightweight, 
all  aluminum  plate-fin  type  (as  contrasted  to  fin-tube  type)  coils  for 
mobile  equipment.  Initial  laboratory  salt-fog  tests  per  ASTM  B-117-49T 
were  made  on  condenser  coils  with  various  combinations  of  conventional 
materials  and  on  all  aluminum  coils,  both  coated  and  uncoated.  Successful 
laboratory  performance  of  aluminum  coils  was  followed  by  a  field  test 
at  Ft  Sherman,  Panama  Canal  Zone,  of  twelve  3/4-ton  air  conditioning 
units  in  which  condensing  coils  were  fabricated  of  different  aluminum 
alloys,  some  being  coated  with  paint  and/or  selected  chemical  conversion 
coatings.  References  5  and  6  report  on  this  work.  Performance  of  the 
all-aluminum  coils  in  the  Panama  air  condenser  field  test  led  to  an  inves¬ 
tigation  of  the  effects  of  brazing  for  fin  attachment  which  is  reported 
in  references  7  and  8.  Pressurized  coils  subjected  to  fan-circulated 
marine  air  were  exposed  at  Ft.  Sherman  to  evaluate  coatings  for  brazed 
coils  and  for  coils  with  mechanically  bonded  fins,  which  were  just  being 
introduced  to  remedy  corrosion  from  residual  brazing  salts.  These  tests 
determined  the  leakage  failure  from  pitting  of  six  plate-fin  type  and 
two  fin-tube  type,  all  aluminum  coils.  Heat  transfer  was  not  measured. 

The  final  report  abstract  states: 

"The  results  of  the  test  program  indicates  that  all-aluminum 
condensers  may  be  substituted  for  the  copper  tube/aluminum 
fin  construction  currently  used  in  military  environmental 
control  units  in  the  interest  of  cost  savings.  However,  care 
should  be  exercised  at  the  tube  joint  with  any  dissimilar 
metals,  which  should  be  protected  with  a  moistureproof , 
external  seal," 

The  Ft,  Belvoir  Laboratory  advises  that  no  changes  to  equipment  resulted 
from  these  experiments,  nor  was  a  "tropicalizat ion"  specification 
prepared. 

It  is  believed  that  the  Army  test  results  spurred  industry  to  develop 
mechanical  bonding  techniques  for  all-aluminum,  plate-fin  condensers 
and  ultrasonic  brazing  which  eliminates  conventional  aluminum  brazing 
fluxes  for  tubing  joints.  These  are  now  accepted  industry  practices. 
Another  interesting  result  was  the  conclusion  that  laboratory  salt-fog 
testing  was  of  little  value  as  an  accelerated  test  due  to  the  alternate 
wetting  and  drying  conditions  existing  in  the  field.  Residual  brazing 
salts  and  atmospheric  salt  crystals  were  able  to  lodge  at  a  fixed  point 
where  continuous  reaction  with  the  aluminum  could  occur.  In  laboratory 
salt-fog  testing  a  continuous  washing  action  occurred  over  the  surfaces 
which  tends  to  dilute  or  weaken  concentrated  reactive  points  so  that 
penetration  is  less  rapid  than  in  high-salt  natural  environments. 


1 


45 


III.  INDUSTRY  DFVFLOPMENTS 


There  are  89  manufacturers  listed  in  the  American  Society  of  Heating, 
Refrigeration,  and  Air  Conditioning  Engineers  (ASilRAF.)  1976  Product 
Directory  as  sources  of  air-cooled  condensing  units  for  split  systems  in 
the  range  between  three  and  fifteen  tons.  Thirty-eight  of  these  manu¬ 
facturers  and  an  additional  six  firms  make  similar  equipment  in  sizes 
over  fifteen  tons  capacity.  With  few  exceptions,  manufacturers  in  the 
above  groups  also  make  self-contained  units  of  various  types  in  the  same 
size  ranges. 

As  part  of  this  cost/effect iveness  investigation,  an  inquiry  question¬ 
naire  was  sent  to  eleven  equipment  manufacturers  selected  primarily  from 
those  who  had  previously  indicated  a  desire  to  work  with  NAVFAC  on  air 
conditioning  components  for  a  proposed  modular  building  program.  Since  a 
number  of  these  manufacturers  did  not  fabricate  their  own  condensers  for 
air-cooled  equipment,  inquiries  on  condenser  fabrication  and  coating 
practice  were  sent  also  to  three  coil  fabricators,  two  coil  coaters,  and 
two  suppliers  of  potentially  applicable  metal  finishing  products,  A 
number  of  other  industry  sources  and  suppliers,  including  Reynolds  Metals 
Co.,  were  interviewed  by  phone.  Responses  to  these  inquiries  are  the 
source  of  information  for  industry  practices  and  current  industry 
developments  presented  below. 

Coil  Design  and  Fabrication 


In  spite  of  the  myriad  of  possible  combinations  in  which  air  conditioning 
components  can  be  and  are  assembled  to  form  working  systems,  the  opportunity 
for  custom  selection  of  condensing  equipment  to  be  applied  in  such  systems 
is  limited.  Compressors,  condensers,  and  condenser  fans,  are  sold  as 
packaged  condensing  units  to  be  used  with  remote,  direct  expansion  com¬ 
ponents.  Assembled  with  direct  expansion  water  coolers  and  water  circulating 
pumps,  compressors  and  air-cooled  condensers  are  sold  also  as  packaged  water 
chillers  for  systems  when  water  is  circulated  as  a  heat  transfer  medium. 
Rooftop  units  and  window  air  conditioners  are  typical  of  another  class  of 
equipment  package  containing  direct  expansion  coils  and  integral  blowers 
to  be  used  where  air  is  circulated  as  a  heat  transfer  medium.  These  units 
often  contain  gas  furnaces  or  electric  heating  elements,  or,  alternatively 
can  be  arranged  for  year-round  operation  as  heat  pumps.  Thus,  increasingly, 
cooling  equipment  manufacturers  are  selling  "packages”  in  which  there  is  no 
design  option  to  specify  condenser  materials  or  performance. 

It  is  the  opinion  of  the  Carrier  Corporation  Corporate  Research  and 
Development  Department  that  industry  efforts  over  the  years  have  resulted 
in  a  highly  cost-effective  air  condenser  for  package  units;  and  that  there 
would  be  no  advantage  whatsoever  for  any  kind  of  coating,  or  returning 
to  all-copper  condensers  for  good,  long-term  performance  at  normal, 
inland  locations.  However,  a  number  of  other  manufacturers  indicated  that 
they  are  actively  pursuing,  or  interested  in  becoming  involved  in,  or 
are  following  closely  potential  coating  applications.  Presumably, 
coatings  are  seen  as  having  competitive  advantage  because  the  same 
manufacturers,  in  general,  indicated  that  they  were  responding  in  various 


46 


ways  to  customer  demand  for  improved  efficiency.  Reference  9  is 
intended  to  be  the  basis  for  efficiency  labeling  of  industry's  consumer  products 
Catalogs  on  industrial  package  units  now  provide  information  on  a  unit's 
energy  efficiency  ratio  (EER)  which  is  defined  as  BTUs  per  watt-hour. 

However,  catalogs  give  only  the  design  value;  no  information  was  provided 
by  any  questionnaire  respondent  on  the  value  of  this  performance  parameter 
over  time  or  under  typical  field  conditions. 

Even  though  condenser  design  seems  fairly  well  standardized  throughout 
the  industry,  proprietary  details  are  probably  involved  because  no  respondent 
provided  data  on  the  heat  transfer  factor  used  for  sizing  coils  in  his 
package  designs*.  For  industrial,  air-cooled  condensers  a  plate-fin  coil 
is  normally  used.  It  lias  copper  tubing  for  easy  piping  assembly  by  brazing, 
and  aluminum  fins  for  economically  providing  a  large  convective  heat  transfer 
surface.  Fins  are  of  7072  high-strength  zinc  alloy  aluminum  with  collars, 
which  are  flared  openings  through  which  the  copper  refrigerant  tubing  is 
inserted.  The  collars  provide  sufficient  spring  so  that  a  good  mechanical 
bond  and  effective  heat  transfer  results  when  the  copper  tubing  is 
mechanically  expanded  into  them.  The  collars  space  the  fins,  typically 
12-14  fins  per  inch.  They  also  cover  the  copper  tube  witli  aluminum,  which 
may  limit  the  severity  of  galvanic  corrosion.  Several  tubes  pass  through 
each  fin  and  are  joined  at  the  end  by  return  bends.  Fins  are  usually 
flat,  but  may  also  be  configured  to  create  turbulence  for  improved  heat 
transfer.  Because  fin  thickness  is  typically  only  0.006",  the  assembly  is 
subject  to  damage  in  handling  and  the  fins  themselves  can  deteriorate 
physically  from  corrosion  in  adverse  environments.  The  aluminum  fin 
material  is  anodic  to  the  copper  tubing,  i.e,  is  consumed  when  a  galvanic 
couple  is  established  by  any  aqueous  surface  film  of  electrolyte  such  as 
ocean  spray.  The  galvanic  potential  difference  between  copper  and  aluminum 
is  0.45  volts,  a  difference  which  is  almost  double  the  0.25  volt  maximum 
suggested  for  reducing  intermetal  lie  contact  problems  by  reference  10. 

The  aluminum  industry  has  been  promoting  the  adoption  of  an  all- 
aluminum  condenser  for  many  years.  Success  has  been  achieved  only  recently, 
since  the  introduction  of  an  ALCOA  developed  process  of  ultrasonic  brazing. 

This  process  eliminates  the  corrosion  caused  by  a  residue  of  salts  that 
are  difficult  to  remove  after  brazing  with  conventional  fluxes.  A  large 
percentage  of  mass-produced  window  air  conditioning  units  now  have  all¬ 
aluminum  coils,  fabricated  in  much  the  same  way  as  the  more  conventional 
copper  tube/aluminum  fin  coil  described  above.  Trane  Co,  air-cooled  rooftop 

1 5  ton  size  range  have  all  aluminum 

co i  1 g  *  unit^  n  [~i  nf  l '  hi  capacit)  and  above  have  the  conventional  copper/ 
aluminum  coil.  Automotive  oil  and  transmission  coolers  and  some  automotive 
radiators  are  now  also  being  made  of  aluminum.  These  units  have  been 
successfully  protected  from  the  corrosive  effects  of  salts  applied  to 
roads  for  ice  melting  with  a  chromate  conversion  coating  followed  by  paint, 

*  This  should  not  be  taken  as  an  indictment  because  condenser  performance 
is  normally  obtained  from  tables  of  face  area,  depth,  air  velocity, 
and  temperature  difference. 
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Custom  coils  arc  available  from  both  large  and  small  air  conditioning 
manufacturers  on  industrial  units  that  are  custom  assembled.  The  old 
industry  standard,  tin-dipped  copper  coil  can  be  obtained  at  a  premium 
of  30%  to  60°,  depending  upon  the  unit;  the  coil  itself  costs  about 
three  times  as  much  as  the  standard  copper  tube/aluminum  fin  coil. 

Because  of  coil  design  difference,  the  increased  all-copper  coil  lifetime 
is  achieved  at  some  possible  sacrifice  of  initial  coil  capacity  and 
efficiency.  Other  metals  such  as  stainless  steel  are  also  available. 

The  least  expensive  possibility  for  improved  fin  corrosion  resistance 
is  the  use  of  standard  aluminum  fin  stock  pre-coated  before  fabrication 
of  the  fins.  The  York  Division  of  Borg-Warner  Corporation  is  investigating 
Kanigen  electroless  nickel  pre-coating  which  conforms  to  MIL-SPEC  26074A . 

Coil  Coating 


If  an  industry  standard  for  condenser  coil  coating  can  be  said  to 
exist,  based  on  usage  for  only  a  fraction  of  1%  of  the  total  tonnage, 
it  is  Heresite  coating.  Heresite  provided  good  protection  in  the  Army's 
Panama,  Canal  Zone  test.  This  coating  is  applied  by  a  proprietary 
method  developed  specifically  for  finned  coils  using  a  baked,  phenolic 
resin  base  material  which  conforms  to  M1L-C-18467A.  The  multiple  coat 
finish  has  a  dry  film  thickness  of  3  mils  with  sufficiently  good  thermal 
conductivity  that  no  increased  coil  surface  allowance  is  recommended  for 
coated  coils.  The  Trane  Co.  amd  many  smaller  manufacturers  use  Heresite 
for  condenser  and  evaporator  coils  in  corrosive  atmospheres.  Coils  must 
be  shipped  to  Manitowoc,  Wisconsin,  for  coating,  which  typically  adds 
about  50%  to  the  cost  of  a  five-ton  unit  and  30%  to  the  cost  of  a  fifteen- 
ton  unit. 

Relative  to  energy  savings  in  severe  marine  environments,  it  is  the 
opinion  of  Trane  Co.  engineers  that  coil  coatings  would  be  less  cost 
effective  than  periodic  condenser  washing  with  fresh  water.  Their 
operating  manuals  recommend  condenser  washing  at  the  beginning  of  the 
cooling  season  and  once  a  month  thereafter.  They  concur  with  the 
conclusion  of  this  analysis  that  a  15%  to  25%  increase  in  power  con¬ 
sumption  over  the  equipment  lifetime  is  reasonable  if  regular  condenser 
washing  is  not  part  of  a  station's  preventive  maintenance  program. 

Many  manufacturers  of  packaged  mechanical  cooling  equipment  purchase 
their  condensers  from  other  firms  who  specialize  in  coil  fabrication. 

What  limited  industry  research  and  development  has  been  done  on  coil 
coatings  has  been  done  by  coil  fabricators.  The  Bohn  Heat  Transfer 
Divison  of  Gulf  &  Western  Manufacturing  Company,  has  developed  a 
line  of  coatings  known  as  Bohn-Kote.  Bohn-Kote  No.  1  has  been  used 
successfully  for  dip  coating  wet  condensers  in  marine  environments. 
However,  it  is  suitable  only  for  small  coils.  It  is  expensive  because 
the  material  has  a  24-hour  maximum  po'  life.  Bohn-Kote  Nos.  2  and  3 
have  been  used  by  other  coil  fabricators  as  a  substitute  for  Heresite. 
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Bohn  is  currently  investigating  a  new  Dow-Corning  material  that  is  reported 
to  give  protection  equivalent  to  anodizing  for  aluminum  coils.  They  feel 
that  they  already  have  a  good  method  of  surface  preparation  in  Alodine 
1-00,  a  chromate  conversion  coating  qualified  under  MIL-SPECS  C-S541B 
and  C-81706.  They  are  prepared  to  do  production  coating  in-house  when 
they  find  a  suitable  material. 

The  Wilmington  Coil  Division  of  Singer  Co.  coats  all  small  coils,  in- 
plant  by  dipping;  they  have  experimented  unsuccessfully  with  plastic  and 
pehnolic  coatings  that  could  be  quoted  as  less  expensive  substitutes  for 
Heresite. 

McQuay-Perfex  has  developed  a  vinyl  chloride  coating  which  has  been 
tested  successfully  in  a  coastal  Florida  location  for  performance  com¬ 
parison  with  Heresite,  Because  of  its  toxicity,  this  coating  is  not  used 
for  batch  dipping  of  assembled  coils.  It  is  claimed  to  have  potential 
for  pre-coating  fin  stock. 

IV.  AVAILABLE  COATING  TECHNOLOGY 

In  dealing  with  air  conditioning  equipment  and  its  protection  from 
corrosion,  consideration  must  be  given  to  the  extensive  array  of  metal 
finishing  technology  that  has  arisen  in  the  manufacture  of  automotive, 
ordnance,  and  aerospace  equipment  used  by  the  military,  including  the 
Navy  and  Marine  Corps,  A  great  deal  of  this  technology,  although  to 
some  extent  proprietary,  is  covered  by  military  specifications.  It  may 
be  more  applicable  to  coatings  for  heat  exchangers  than  coatings  used  in 
construction  and  maintenance  of  facilities,  which  is  the  area  where  CEL 
has  done  the  majority  of  its  coating  research.  Thus,  this  investigation 
included  a  review  of  industrial  metal  finishing  practices  summarized 
by  reference  10  and  the  industry  guidebook  of  reference  11  Tor  organic 
finishes,  reliable  data  on  severe  atmosphere  performance  of  a  number  of 
paint  coatings  is  contained  in  references  12  through  14.  Unfortunately, 
comparable  data  is  not  available  on  inorganic  metallic  coatings  and 
chemical  surface  treatments  for  non-ferrous  condenser  coil  materials. 

What  data  does  exist  from  industry  experience  is  fragmentary  and  highly 
subjective;  documented  results  of  exposure  tests  on  which  to  base 
engineering  judgment  would  certainly  be  desirable.  Cost,  data  is  more 
readily  available;  costs  for  selected  finishes  are  summarized  by  the 
attached  tabulation. 

Coatings  of  Interest 


Coatings  of  particular  interest  for  further  laboratory  or  field 
testing  include: 

Electroless  Nickel,  MIL-C-26074A  --  This  coating  is  ductile, 
dense  and  impervious  with  good  abrasion  resistance.  It  can 
be  applied  to  both  copper  and  aluminum,  before  or  after  fabri¬ 
cation.  Being  chemically  deposited,  uniform  coatings  are 
possible  on  irregular  surfaces.  Coatings  as  thin  as  3/10 
mil  provide  satisfactory  protection. 
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Heresite,  MIL-C-18467A  —  Material  applied  by  a  proprietary 
process  developed  particularly  for  fin  coils.  Industry  pre¬ 
ferred  coating. 

Chromate  Conversion  Coating,  MIL-C-554I-B  (Material),  MIL-C-81706 
(Appl ication)  --  Chemically  produced,  chromate  conversion  coatings 
can  be  applied  uniformly  on  irregular  surfaces  such  as  completely 
assembled  condenser  coils.  This  coating  has  good  thermal  con¬ 
ductivity  and,  in  itself,  provides  a  high  level  of  corrosion 
protection  for  aluminum.  It  is  inexpensive  and  is  also  an 
excellent  base  for  further  paint  coating.  Possibly,  it  is  not 
of  sufficient  abrasion  resistance  to  be  used  for  pre-coating 
fin  stock. 

Electrostatic  Polyester  Dip  Coating  --  Uniform  dip  coatings  are 
difficult  to  obtain  on  fin  coils  with  some  conventional  paints. 

The  evaporation  of  solvents  from  the  coil  interior  can  reduce  the 
coating  thickness  on  exterior  portions  of  the  fins.  Electrostatically 
deposited  coatings  such  as  Sherwin-Williams  "Power  Clad"  enamel  will 
produce  a  uniform  low  thermal  resistance  coating  of  less  than 
1  mil  thickness. 

Other  Coatings 


Anodized  coatings  for  aluminum  provide  good  corrosion  resistance  and 
uniform  thickness  on  irregular  surfaces.  However,  the  coating  is  porous, 
brittle,  and  has  high  thermal  resistance.  In  addition,  it  is  relatively 
expensive  and  therefore  appears  to  be  less  promising  than  other  alternatives. 
Coatings  currently  under  development  for  application  to  solar  collectors 
may  have  promise  eventually,  but  this  technology  is  not  sufficiently 
advanced  at  the  present  time  to  warrant  testing  in  an  air-cooled  con¬ 
denser  program. 

Coating  Selection  Considerations 

Coil  coatings  are  subject  continuously  to  a  higher  service  temperature 
than  most  painted  metal  surfaces  except  boiler  smokestacks.  For  coatings 
like  Heresite,  which  are  baked  at  temperatures  up  to  450°F,  a  150°F 
maximum  coil  operating  temperature  is  no  decomposition  problem.  Nor  should 
such  temperature  be  a  factor  in  the  service  life  of  a  baked  coating. 

Chromate  conversion  coatings  for  aluminum  are  considered  limited  to  150°F 
because  heating  causes  dehydration  and  insolubility  of  hexavalent  chromium 
compounds.  However,  they  are  being  used  satisfactorily  on  automotive 
transmission  and  engine  oil  coolers  at  temperatures  up  to  300°F. 

In  a  letter  to  CEL  dated  28  Jan  1969  commenting  on  this  Laboratory’s 
planning  for  its  condenser  materials  research,  the  Officer  in  Charge  of 
Construction  (OICC)  at  Mid-Pac  cites  two  experiences  with  an  Air  Force 
equipment  specification.  Both  were  involved  in  litigation.  He  stated: 
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"The  lesson  we  have  learned  is  that  any  improvement  to  standard 
cominerical  units,  such  as  copper  fins/copper  condenser  coils, 
epoxy  coatings,  etc,,  must  he  coordinated  with  industry  in 
advance  so  that  procurement  sources  arc  readily  available 
upon  award," 

A  discussion  of  protective  coatings  in  reference  3  (chapter  36  of  the  1976 
Systems  Volume)  substantiates  this  advice  and  also  strongly  recommends 
shop-applied  coatings  and  shop  assembly  of  coated  items  over  field  applied 
coatings  or  field  retrofit. 
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typical  Costs  for  Industrial  Finishes 
\ppli cable  to  Coating  of  Aluminum- F i n  Condensers 


Equ i pment 

Range  o f  Cost  *  *  1 

Type  of  Industrial  Finish 

Mi  I -Spec. 

Do  1  1  a  rs 

per  Sq. 

Chemical  Finishes 

Conversion  Coatings 

illbbSiWI! 

.01 

-  • 

05 

2 i ncate 

.04 

—  . 

08 

Electroless  Nickel 

Ml  I.-C-26074A 

See 

Not 

e  2 

Electrolytic  Oxide  Finishes 

Clear  Anodizing 

Ml  b-A-8625,  Types 

.08 

5(1 

i  and  1 I 

Hard  Anodizing 

MI  I,-A=8625 ,  Type  III 

.25 

’  • 

90 

Elect  roplated  F i n  ishes 

(3)  r  .  . 

Cadmium 

QQ-P-416 

.  10 

-  . 

15 

<3>Zinc 

QQ-Z-525 

.15 

-  , 

2(1 

Copper 

MI  I, -C- 14550 

.  15 

-  * 

no 

Copper -N icke 1 -Chromium 

QQ-C-520 

.  10 

-  • 

no 

Organic  Finishes 

Chemical  Treatment  5  Paint 

Various,  including 

See 

not 

e  4 

TT-C-490,  Type  HI; 

.05 

-  . 

10 

Mil .-C- 23377;  Mil  - P- 
1 5528C  ;TT-l'-645 ; 

TT-E-489 

Baked  Phenolic  Resin  MII.-C-18467A  See  note  5 

(Meresite) 


NOTES: 

Except  as  noted,  costs  are  based  on  those 
1964,  and  relate  to  continuous  operations 
panels  of  fin  stock  prior  to  fabrication, 
ft.  for  cleaning. 

(2) 

Roughly  equivalent  to  anodizing,  chemical 
ft.  per  mi!  thickness;  however,  only  2/10 
needed.  Chomp  late  Corp.  proposes  test  on 
for  quotation. 


ex i st i ng  i n  the  i ndust  ry  i n 
on  relatively  large  flat 
Add  $0.01  -  0.03  per  sq, 

cost  $0.50  -  0.75  per  sq. 

-  5/10  mil  coating  thickness 
actual  fin  stock  as  basis 


Primarily  applicable  to  copper  tolling  prior  to  assembling  fins.  Brush 
plating  after  final  assembly  is  possible  for  areas  left  unplated  for 
soldering. 

(4) 

Electroueposi  ted  enamel  on  assembled  test  coil  quoted  at  $0.01  per 
perimeter  inch,  amounting  to  $25.75,  or  approximately  501  of  coil  cost, 
per  coi I . 


(5) 


Quotation  basis;  minimum  set-up  charge  $70.00  per  coil. 


Sources :  Reynolds  Handbook,  "Finishes  for  Aluminum,  Vol,  I",  1967,  and 
MIL-STD  171C,  7  Nov  1972 
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V,  REFERENCES 
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review  of  design,  estimating,  and  economic  data.  These  references  are  listed 
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NMCB  5.  Operations  Dept.:  74.  CO:  Forty.  CO:  THREE.  Operations  Off 
NOAA  Library  Rockville.  MD 

NORDA  Code  440  (Ocean  Rsch  Off)  Bay  Si.  Louis  MS 

NRL  Code  R400  Washington.  DC.  Code  X44I  iR  A  Skop).  Washington  IX' 

NSC  Code  54.1  (Wynne).  Norfolk  VA 
NSDSCF.  Subic  Bay.  R.P. 

NIC  Commander  Orlando.  FL:  OICC.  CBU-401 .  Great  Lakes  II. 

NUSC  Code  151  New  London.  CT;  Code  FA  1 21  (R.S  Munn).  New  London  CT:  Code  S02.  B-80  tj  Wilcox):  Code 
SB  111  (Brown).  Newport  Rl:  Code  TAI.II  (G.  De  la  Cru/l.  New  London  CT 
tX'F.ANSYSl.ANT  l.T  A  R.  Giancola.  Norfolk  VA 

OFFICE  SECRETARY  OF  DEFENSE  OASDlMRA&l.l  Pentagon  (T.  Casbergl.  Washington.  IX' 

ONR  (Dr.  E.A.  Silva)  Arlington.  VA:  BROFF.  CO  Boston  MA:  Code  221 .  Arlington  VA:  Code  700F  Arlington  VA. 

Dr.  A.  1  .infer  Pasadena  CA 
PHIBCB  I  P&E.  Coronado.  CA 

PMTCCode  till  (S  Opatowskyl  Point  Mugu.  CA:  Pat.  Counsel.  Point  Mugu  CA 

PWC  ACE  Office  ll.TJG  St.  Germainl  Norfolk  VA;  CO  Norfolk.  VA:  CO.  Great  Lakes  11.:  CO.  Oakland  CA:  Code 
1 20.  Oakland  CA;  Code  1 20C.  (Library)  San  Diego.  CA:  Code  1 2K.  Guam;  Code  200.  Great  Lake'll..  Cixle  200. 
Guam:  Code  220  Oakland.  CA:  Code  220.1 .  Norfolk  VA:  Code  40C.  San  Diego.  CA:  Code  40  <C.  Kolton) 
Pensacola.  FL:  Cixle  400.  Pearl  Harbor.  HI:  Code  400.  San  Diego.  CA.  Code  42B  (R.  Pascua).  Pearl  Harbor  HI: 
Code  .405 A ( H.  Wheeler);  Code  610.  San  Diego  Ca:  Code  700.  San  Diego.  CA:  Library.  Subic  Bay.  R.P  :  Utilities 
Officer,  Guam;  XO  Oakland.  CA 
SPCC  PWO  (Cixle  1 20)  Meehanicshurg  PA 
TV  A  Smelser.  Knoxville.  Tenn 
UCTTWOOIC.  Norfolk.  VA:  OIC.  Port  Hueneme  CA 

U  S  MERCHANT  MARINE  ACADEMY  Kings  Point.  NY  (Reprint  Custodian) 

US  DEPT  OF  COMMERCE  NOAA.  Pacific  Marine  Center.  Seattle  WA 
US  GEOLOGICAL  SURVEY  Off.  Marine  Geology.  Piteleki.  Reston  VA 
USAE  Mai  Riffel.  Rumstein.  Germany 
USAF  REGIONAL  HOSPITAL  Fairchild  AFB.  WA 

USAF  SCHtXDI.  OF  AEROSPACE  MEDICINE  Hyperbaric  Medicine  Div.  Brooks  AFB.  TX 

USC'G  (G-ECV)  Washington  Dc;  (G-F.CV/61 )  (Burkhart)  Washington.  DC;  G-EOE-4/61  (T.  Dowd).  W  shington  DC 

USC'G  R&l) CENTER  D.  Motherwav.  Groton  CT:  Tech  Dir  Groton.  CT 

USDA  Forest  Products  Lab.  Madison  Wl;  Forest  Service.  Bowers.  Atlanta.  GA:  Forest  Service.  San  Dimas.  CA 
USNAC'h.  Mech.  Engr.  Dept  Annapolis  MD;  F.nergy-Environ  Study  Grp.  Annapolis.  MD:  Engr.  Div  (C  Wo! 
Annaplolis  MD;  Environ.  Prot.  R&D  Prog.  (J  Williams).  Annapolis  MD:  Ocean  Svs.  Eng  Dept  (Dt  Monneyl 
Annapolis.  MD;  Oceanography  Dept  (Hoffmanl  Annapolis  MD:  PWD  Engr.  Div.  (C  Bradford)  Annapolis  MD: 
PWO  Annapolis  MD 

AMERICAN  CONCRETE  INSTITUTE  Detroit  Ml  (Library) 

ARIZONA  State  Energy  Programs  Off..  Phoenix  A Z 
AVALON  MUNICIPAL  HOSPITAL  Avalon.  CA 

BONNEVILLE  POWER  ADMIN  Portland  OR  (Energy  Consrv.  Off..  D.  Daveyl 
BR(X)KHAVF.N  NATL  LAB  M.  Sternberg.  Upton  NY 

CALIF.  DEPT  OF  NAVIGATION  &  OCEAN  DEV.  Sacramento.  CA  (G.  Armstrong) 

CALIF.  MARITIME  ACADEMY  Vallejo.  CA  (Library) 

CALIFORNIA  STATE  UNIVERSITY  LONG  BEACH.  CA  (CHF.I.APATI) 

COLUMBIA  PRESBYTERIAN  MED.  CENTER  New  York.  NY 
CORNELL  UNIVERSITY  Ithaca  NY  (Serials  Dept.  Engr  Lib  > 

DAMES  &  M(X)RF.  LIBRARY  LOS  ANGELES.  CA 
DUKE  UN1V  MEDICAL  CENTER  B  Muga.  Durham  NC 
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FLORIDA  AH. ANTIC  l INI  VI  RSI  I  Y  BIK  A  RA  ION.  EL  (MC  Al  l  IS  TER).  lima  Raton  I  I  (<  Atari  Ingi  IX-pt  C 
lull.  W.  Marti.  Boca  Raton  IT. 

FLORIDA  TICHNOI OGICAL  UNIVERSITY  ORLANDO.  IT  t H  ARTM  AN  I 
FOREST  INST.  FOR  OCEAN  &  MOUNT  AIN  Carson  City  NV  (Studies  Library! 

I  Till  &  ENERGY  OlTTCi:  CHARLESTON.  WV 

HAWAII  STATE  DLPIOI  PI. AN  A  I  CON  DEV  Honolulu  HI  (Tech  Info  Ctrl 
INDIANA  ENERGY  OH  K'li  I  n c rev  Group.  Indianapolis.  IN 
INSTITUTE  OK  MARINI-  SCIKNCKS  Morehead  City  NC (Director! 

IOWA  STATK  UNIVKRSI IY  Ames  I.A  (CK  IX-pt  Handy  I 
KKKNE  STATK  COI.I.KOK  Keene  NH  (Cunningham) 

I.KHKiH  UNIVERSITY  BETHLEHEM.  PA  (MARINE  GEOTECHNICAL  I  AB  .  RICHARDS):  Bethlehem  PA 
(l.inderman  Lib.  No. TO.  Klecksteinerl 

LIBRARY  OK  CONGRESS  WASHINGTON.  IX  (SCIENCES  A  TECH  DIV) 

LOUISIANA  DIV  NATURAL  RESOURCES  A  ENERGY  Dept,  of  Conservation.  Baton  Rouge  LA 
MAINE  MARITIME  ACADEMY  (Wyman)  Castine  ME:  CASTINK.  ME  (LIBRARY) 

MAINE  OFFICE  OE  ENERGY  RESOURCES  Augusta.  ME 
MICHIGAN  TECHNOLOGICAL  UNIVERSITY  Houghton.  Ml  (Haas! 

MISSOURI  ENERGY  AGENCY  Jefferson  City  MO 

MU' Cambridge  MA:  Cambridge  M  AlRm  10-500.  Tech  Reports.  Engr  l  ib. );  Cambridge.  MA  (Harleman) 
MONTANA  ENERGY  OEETCE  Anderson.  Helena.  MT 
N  AIL  ACADEMY  OK  ENG.  Al  EXANDRIA.  VA  (SF.AR1.E.  JR  ) 

NEW  H  AMPSHIRE  Concord.  NH  (Governor's  Council  On  Energy) 

NEW  MEXICO  SOLAR  ENERGY  INST  Dr.  Z.wibel  Las  Cruces  NM 
NY  CITY  COMMUNIT  Y  COLLEGE  BROOKLYN.  NY  (LIBRARY) 

NYS  ENERGY  OEETCE  Library  .  Albany  NY 

OREGON  STATE  UNIVERSITY  (CK  IX-pt  Grace)  Corvallis.  OR  CORVALLIS.  OR  (CE  DEPT.  HICKS):  Corvalis 
OR  (School  of  ( X'eunography  I 

PENNSYLVANIA  STATE  UNIVERSITY  STATE  COLLEGE.  PA  (SNYDER) 

POLLUT  ION  ABATEMENT  ASSOC.  Graham 

PURDUE  UNIVERSITY  Lafayette.  IN  (Altschaeffl);  Lafayette.  IN  (CE  Engr.  Lib) 

CONNECTICUT  Hartford  CT  (IX-pt  of  Plan  &  Energy  Policy: 

SAN  DIEGO  ST  A  TE  UNIV  | .  Noorany  San  Diego.  CA 

SCRIPPS  INSTI  Tl)  TE  OE  OCE  ANOGRAPHY  l.A  JOLLA.  CA  (ADAMS).  San  Diego.  CA  (Marina  Phy ,  lath.  Spies  ) 
SE  A  H  I  E.  U  Prof  Sehwaoglcr  Seattle  WA 
STANFORD  UNIVKRSI  TY  Engr  Lib.  Stanford  CA 

ST  ATE  UNIV  OK  NEW'  YORK  Buffalo.  NY:  Fort  Schuyler.  NY  (l.ongobardi) 

I  TEXAS  AAM  UNIVKRSI  TY  College  Station  TX  ICE  Dept.  Herbich):  W.B.  Ledbetter  College  Station.  TX 
UNIVERSITY  OE  (  ALIEORNIA  BERKELEY.  CA  (CE  DEPT.  GERWICK):  Berkeley  CA  (B  Bresler):  Berkeley  CA 
(E  Pearson);  DAVIS.  (  A  tCE  DEPT.  TAYLOR):  Energy  Engineer.  Davis  CA:  LIVERMORE.  CA  (LAWRENCE 
LIVERMORE  LAB.  fOKARZ):  La  Jolla  CA  t  Acq.  Dept.  Lib.  C-«75A):  M.  Duncan.  Berkeley  CA:  Vice  President. 
Berkeley.  (' A 

UNIVERSITY  OE  Dll  AWARE  Newark.  DF.  I  Dept  of  Civil  Engineering.  Chesson) 

UNIVERSITY  OE  HAWAII  HONOLULU.  HI  (SCIENCE  AND  TECH.  DIV.) 

UNIVKRSI  I Y  OE  il  l  INOIS  Met/  Ref  Rttt.  Urban;)  IL:  URBANA.  II.  (DAVISSON):  URBANA.  II.  (LIBRARY); 

URBANA  II.  ( NEW M  ARK);  Urhma  II.  (CE  Dept.  W  Gamble) 

UNIVERSITY  OE  KANSAS  Kansas  Geological  Survey.  Lawrence  KS 
UNIVERSITY  OE  MASSACHUSETTS  l Heroncmus).  Amherst  MA  CE  Dept 
UNIVERSITY  Of  NEBR  ASK  A  I.INCOl  N  Lincoln.  NF.tRoss  Ice  Shelf  Proj.) 

UNIVERSITY  OE  PENNSYLVANIA  PHILADELPHIA.  PA  (SCHOOL  OF  ENGR  &  APPLIED  SCIENCE.  ROLL) 

UNIVKRSI  TY  OE  TEXAS  Inst  Marine  Sci  (Library).  Port  Arkansas  TX 

UNIVKRSI  TY  OE  TEXAS  A  f  Al'STIN  AUSTIN.  TX  (THOMPSON):  Austin.  TX  (Breen) 

UNIVERSI  TY  OE  WASHINfiTON  (EH  Id.  D.  Carlson)  Seattle.  WA:  Dept  of  Civil  Kingr  (Dr.  Mattock).  Seattle  WA: 
SEATTLE.  WA  (OCEAN  (  NO  RSCH  LAB.  GRAY):  Seattle  WA  (E.  Linger):  Seattle.  WA  Transportation. 
Construction  &  Geom  Dtv 

liNIVEKSITY  OK  WISCONSIN  Milwaukee  WI  (Ctr  of  Great  Lakes  Studies) 

URS  RESEARCH  CO  I  IBRARY  SAN  MATEO,  CA 
VIRGINIA  INST  OE  MARINE  SCI  Gloucester  Point  VA  (Library) 

ALFRED  A  YET  A  ASSCX'  Honolulu  HI 
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AMKTKK  Offshore  Res  &  f  rier  !)iv 

ARVII)  GRANT  OLYMPIA.  WA 

Al  l. ANTIC  RICHFIELD  CO  DALLAS.  TX  (SMITH) 

AUSTRALIA  Dept.  PW  IA.  Hicks).  Melbourne 

BAGGS  ASSOC.  Beaufort.  SC 

BKCHTF.I.  CORP  SAN  FRANCISCO.  CA  (PHELPS) 

BELGIUM  HAECON.  N.V..  Gent 
HOUW  KAMP  INC  Berkeley 

BRITISH  EMBASSY  Sci.  &  Tech.  Dept.  (J.  McAuley).  Washington  DC 
BROWN  &  CALDWELL  E  M  Saunders  Walnut  Creek.  CA 
BROWN  &  ROOT  Houston  TX  (D.  Ward) 

CANADA  Can-Dive  Services  (English)  North  Vancouver:  Mem  Univ  Newfoundland  (Chari).  St  Johns:  Nova  Scotia 
Rsch  Found.  Corp  Dartmouth.  Nova  Scotia:  Surveyor.  Nenninger  &  Chenevert  Inc.,  Montreal:  Trans-Mni  Oil  Pipe- 
Lone  Corp  Vancouver.  BC  Canada 
CF  BRAUN  CO  Du  Bouchet.  Murray  Hill.  NJ 
CHEMEDCORP  Lake  Zurich  II.  (Dearborn  C'hem.  Div. Lib.) 

COLUMBIA  C.ULF  TRANSMISSION  CO.  HOUSTON.  TX  (ENG.  LIB.) 

CONTINENTAL  OIL  CO  O.  Masson.  Ponca  City.  OK 
DESIGN  SERVICES  Beck.  Ventura.  CA 
DILLINGHAM  PRECAST  F.  McHale.  Honolulu  HI 
DIXIE  DIVING  CENTER  Decatur.  GA 
DRAVOCORP  Pittsburgh  PA  (Wright) 

DUR1.ACH.  O’NEAL.  JENKINS  &  ASSOC.  Columbia  SC 
NORWAY  DET  NORSKE  VERITAS  (Library).  Oslo 
EVALUATION  ASSOC.  INC  KING  OF  PRUSSI  A.  PA  (FEDEl.E) 

FORD.  BACON  &  DAVIS.  INC  New  York  (Library) 

FRANCE  Dr.  Dutertte.  Boulogne:  P  Jensen.  Boulogne:  Roger  LaCroix.  Paris 
GENERAL  DYNAMICS  Elec.  Boat  Div.,  Environ.  F.ngr(H  Wallman).  Groton  CT 
GEOTECHNICAL  ENGINEERS  INC.  Winchester.  MA  (Paulding) 

GI.IDDEN  CO.  STRONGSVILLE.  OH  (RSCH  LIB) 

GOULD  INC  Shady  Side  MDlChcs.  Inst  Div..  W  Paul) 

GRUMMAN  AEROSPACE  CORP.  Bethpage  NY  (Tech.  Info.  Ctr) 

HALEY  &  ALDRICH.  INC.  Cambridge  MA  (Aldrich.  Jr  ) 

HONEYWELL.  INC.  Minneapolis  MN  (Residential  F.ngr  Lib.) 

ITALY  M  Caironi.  Milan:  Sergio  Tattoni  Milano:  Torino  (F.  Levi) 

MAKAI  OCEAN  ENGRNG  INC  Kailua.  HI 

KENNETH  TATOR  ASSOC  CORAOPOL1S.  PA  (LIBRARY) 

LOCKHEED  MISSILES  -S.  SPACE  CO  INC.  Sunnyvale  CA  IRynewicz):  Sunnyvale.  CAlK.L.  Krug) 

LOC KHF.F.D  OCEAN  LABORATORY  San  Dego.  CA  (Springer) 

MARATHON  OIL  CO  Houston  TX 

MARINE  CONCRETE  STRUCTURES  INC.  MEFAIRIF..  LA  (INGRAHAM) 

MATRECON  Oakland.  CA  (Haxo) 

MCIXINNF.I.  AIRCRAFT  CO.  Dept  501  (R.IL  Faymanl.  St  Louis  MO 
MEDFRMOTT  &  CO.  Diving  Division.  Harvey.  LA 
MEXICO  R.  Cardenas 

MIDLANDROSS  CORP  TOLEDO.  OH  (RINKF.R) 

MOBIL  PIPE  LINE  CO  DAI. LAS.  TX  MGR  OF  ENGR  (NOACK) 

MOFFATT  &  NICHOL  ENGINEERS  (R.  Palmerl  Long  Beach.  CA 

MUESER.  RUTLEDGE.  WENTWORTH  AND  JOHNSTON  NEW  YORK  (RICHARDS) 

NEW  ZEALAND  New  Zealand  Concrete  Research  Assoc  (Librarian).  Porirua 
NEWPORT  NEWS  SHIPBLDG  &  DRYDOCK  CO.  Newport  News  VA  (Tech.  Lib.) 

NORWAY  DET  NORSKE  VERITAS  (Roren)  Oslo;  J.  Creed.  Ski;  Norwegian  Tech  Univ  (Brandtzaeg).  Trondheim 
PACIFIC  MARINE  TECHNOLOGY  Long  Beach.  CA  (Wagner) 

PORTLAND  CEMENT  ASSOC.  SKOKIE.  11.  (CORI.F.Y:  SKOKIE.  IL  (KLIEGF.R):  Skokie  11.  (Rsch  &  Dev  Lab. 
lib.) 

PRF.SCON  CORP  TOWSON.  MD  (KEI.LF.R) 

PUERTO  RICO  Puerto  Rico  (Rsch  Lib  ).  Mayaquez  P  R 

RAYMOND  INTERNATIONAL  INC.  F.  Colle  Soil  Tech  Dept.  Pennsauken.  NJ 
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RIVERSIDE  (EMIN  I  CO  Riverside  C A  (W  Smilhl 
SAFETY  SERVICES.  INC  A  Pinion.  Providenee  Rl 

SANDIA  I  AHORATORIFS  Albuquerque.  NM  (Vorlman);  Library  Div..  Livermore  CA 
SCHUPACK  ASSIK  SO  NORWALK.  fT (SCHUPACK) 

SEAFOOD!  AHORAIORY  MORE.HFAD CITY.  NC  (LIBRARY) 

SEA  ITCH  CORP.  MIAMI.  I  I  (PI  RONI) 

SHELL  DEVELOPMENT  CO  Houston  IX  (C.  Sellars  Jr.) 

SHI  LL  OIL  CO  HOUSTON.  TX  (MARSHALL) 
soil  I  H  AMERICA  N  Nouel.  Valencia.  Venezuela 

SWLDKN  Cement  A  Concrete  Research  Inst..  Stockholm:  GeoTech  Inst:  VBB  (Library).  Stockholm 
TECHNICAL  COATINGS  CO  Oakmont  PA  (Library) 

TEXTRON  INC  BUFFALO.  NY  (RESEARCH  CENTER  LIB  ) 

II OK W A IV R  CONSTR  CO  Norfolk  VA  (Fowler) 

TRW  SYSTEMS  REDONDO  BLACH.  CA  (DAI) 

UNION  CARBIDE  CORP  R  l  Martell  Boton.  MA 

UNITED  KINGIX1M  Cement  A  Concrete  Assoc  Wexham  Springs.  Slough  Bucks:  Cement  A  Concrete  Assoc. 
(Library  ).  Weyham  Spnngs.  Slough:  D  New.  G.  Maunsell  A  Partners.  London:  Library.  Bristol:  R.  Browne. 
Southall  Middlesex:  Taylor.  Woodrow  Constr  < 0 1 4 P ).  Southall.  Middlesex:  Taylor.  Woodrow  Constr  (Stubbs). 
Southall.  Middlesex:  Univ  of  Bristol  (R.  Morgan).  Bristol 
UNITED  n-XHNOIXKilF.S  Windsor  Locks  CT I  Hamilton  Std  Div..  Library) 

WAR IX  WOLS'I  LNHOI.I)  ARCHITFCTS  Sacramento.  CA 
WATT  BRIAN  ASSIK-  INC  Houston.  TX 

WF.S1  INGHOUSE  FLFCTRIC  CORP  Annapolis  Ml)  (Oceanic  Div  Lib.  Bryan);  Library.  Pittsburgh  PA 
WISS.  JANNFY.  FI  STNFR.  A  ASSOC  Northbrook.  IL  (D.W.  Pfeifer) 

WM  CLAPP  LABS  •  BATTFLI.F.  DUXBURY.  MA  (LIBRARY):  Duxbury.  MA  (Richards) 
W(K)DWARD-CLYDE  CONSULTANTS  PLYMOUTH  MEETING  PA  (CROSS.  Ill) 

ADAMS.  CAPT(RFT)  Irvine.  CA 
BRAHT7.  Ui  Jolla.  CA 

BRYANT  ROSE  Johnson  Div  UOP.  Glendora  CA 

BULLOCK  la  Canada 

ERVIN.  DOUG  Belmont.  CA 

KETRON.  BOB  Ft  Worth.  TX 

KRUZIC.  T  P  Silver  Spring.  MD 

LAYTON  Redmond.  WA 

CAPT  MURPHY  Sunnyvale.  CA 

R.F.  BESIER  Old  Saybrook  CT 

SMITH  Gulfport.  MS 

T.W  MF.RMEL  Washington  DC 
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